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Abstract 
 
Until recent years sperm fitness has been measured using traditional parameters such as 
motility and morphology.  Given the importance of the sperm genome in the subsequent 
development of the organism, more focus has now been placed on measuring DNA quality of 
spermatozoa. This study investigated genomic aspects of cryoinjury in the spermatozoa of the 
model organism Xenopus. The membrane integrity and DNA stability of Xenopus laevis and 
Xenopus tropicalis spermatozoa were evaluated in response to cryopreservation with or without 
activation. A dye exclusion assay revealed that plasma membrane integrity in both species 
decreased after freezing, more so in X. laevis spermatozoa than X. tropicalis. The sperm 
chromatin dispersion test showed that for both X. tropicalis and X. laevis activated, frozen 
spermatozoa produced the highest levels DNA fragmentation compared to all fresh samples and 
frozen, non-activated samples. Immediately after thawing, the most relevant for fertilisation 
use, there was a significant increase in DNA fragmentation in frozen, activated X. laevis samples.  
DNA damage in frozen, activated X. tropicalis samples was not detected until after four hours of 
incubation at room temperature. However, the DNA fragmentation dynamics over twenty-four 
hours suggested reduced DNA stability and cryptic DNA damage.   
 
3-aminobenzamide (3-AB), a potent DNA repair inhibitor, was used to treat embryos and thus 
reveal the effect of damaged sperm DNA on development. Comparisons were made between 
control embryos derived from fresh spermatozoa and frozen spermatozoa. Results showed a 
decrease in the survival percentage of treated embryos derived from cryopreserved sperm 
compared to controls. Furthermore, there was an increased occurrence of posterior and 
gastrula defects in these embryos. Further analysis of these embryos revealed altered 
expression of gastrula markers, in particular Fgf8. These may be candidates for genes that 
undergo DNA damage in cryopreserved spermatozoa. Transcriptome analysis comparing 3-AB-
treated embryos derived from frozen and fresh spermatozoa revealed that there were subsets 
of genes whose expression was consistently altered by cryopreservation; some of these genes 
are important at the mid-blastula transition and gastrula stage of X. tropicalis development. 
Physical mapping of the differentially expressed genes (DEGs) onto the X. tropicalis 
chromosomes revealed particular regions contained more DEGs compared to others, showing 
non-random distribution of genes affected by sperm cryopreservation. These data will guide 
future studies of amphibian sperm preservation enhancing conservation and lab animal 
resource biobanking.  
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CHAPTER 1: Introduction 
 
1.1. Cryopreservation: Historical Context and Current Perspectives  
Cryopreservation applies the principles and the study of life at low temperatures, to enable the 
long term storage of cells at sub-zero temperatures. Over the last 60 years variations of the 
freezing and thawing process, an inherent feature of cryopreservation, have given rise to 
countless protocols for the successful maintenance of various cell types derived from a range of 
organisms at low temperatures. This has used expertise from different disciplines and has 
positively impacted a diverse range of research fields including agriculture; where there have 
been advances in breeding programs and in the preservation of genetically valuable seeds 
(Gonzalez-Arnao and Engelmann, 2006; Zhang et al. 2014), medicine; where stem cells and 
germ cells are routinely cryopreserved (Asghar et al., 2014; Marquez-Curtis et al., 2015; Wilmut, 
2014), cost effective alternatives to the maintenance of genetically altered lines of laboratory 
model organisms in biomedical research, reproduction; where embryo and sperm freezing are 
part of infertility treatments (Sherman, 1973) and in conservation efforts to preserve genetic 
diversity and avoid the potential for the loss of fitness as a consequence of inbreeding and for 
sporadic efforts to breed endangered species (Johnston and Lacy, 1995; Watson and Holt, 
2001). 
 
The field of reproduction has seen rapid advances since the introduction of cryopreservation. 
Indeed, sperm cryopreservation connects and underlies many of the multidisciplinary 
applications of cryobiology and its relatively long history has established a trend of continual 
advancements in human and animal reproductive technologies. The suspended animation of 
spermatozoa overcomes many of the classical obstacles associated with reproduction such as 
age, death and extinction. Sperm cryopreservation dates back as early as the 1600s (Sherman, 
1973) but it was the discovery of glycerol as a protective agent to cells at low temperature 
(Polge et al., 1949) to meet the demand for long term preservation methods for bull sperm for 
artificial insemination (AI) in the dairy industry that brought sperm cryopreservation to the 
forefront. The fertilizing capacity of frozen human spermatozoa in conjunction with AI was 
reported by Bunge and Sherman (1953) and subsequent studies led to more optimized 
protocols (Gilmore et al., 1997, 2000). Today, cryopreservation of human spermatozoa is a 
crucial part of artificial reproductive technologies (ARTs). It offers an alternative approach to 
achieving fertility where the male may have endured permanent testicular damage from cancer 
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therapy or from non-malignant diseases such as autoimmune disorders (Anger et al., 2003; Ku 
et al., 2015). 
Reliable reproductive technologies are now an integral part in wildlife conservation. A global 
effort to preserve genetic diversity via cryopreservation has developed as a means to recover 
dwindling populations of the world’s most endangered species (Gilmore et al., 1998; Holt et al., 
1996). Programs such as the Frozen Ark Project (Nottingham, UK) (www.frozenark.org) 
epitomize this philosophy and practically apply it in support of ex situ conservation efforts. The 
causes of these declines are well-documented and mostly anthropogenic. These include 
industrialization and exploitation pressures such as hunting (Ludwig et al., 2002), forestry and 
global warming which have led to the destruction of ecosystems (Holt et al., 2014). 
Cryopreservation of gametes, somatic cell lines and embryos has necessitated the 
establishment of a series of global genetic resource biobanks to help ensure the survival of 
endangered populations against human-induced destruction and enable the future 
reestablishment of recently extinct species. Traditional storage methods of specimens in alcohol 
or other preservatives are not suitable for use in reproduction, nor do they provide the very 
best opportunities for genomic, transcriptomic, proteomic and gene regulation studies. 
Cryobanking technology, on the other hand, exploits the principle of genomic equivalence and 
whole genomes stored as individual cells. This is advantageous since cells can be obtained in a 
non-destructive way and provide an enormous source of material for in-depth investigations 
into the genetic basis of reproduction, gamete recovery and subsequent embryonic 
development using high-throughput analysis (Watson and Holt, 2001). Efforts to cryopreserve 
amphibian sperm samples, the subject of this study, are of particular interest since biobanking 
represents a key strategy in combating the current global amphibian extinction crises (Lermen 
et al., 2009; Mendelson et al., 2006; Wake, 1991). Severe and rapid decreases in amphibian 
populations due to the Chytrid fungus (Skerratt et al., 2007) and destruction of habitats (Wake 
and Vredenburg, 2008) has led to the establishment the Amphibian Ark (Lermen et al., 2009). 
 
1.1.1. Cryopreservation in ART 
The practicality of germplasm cryopreservation can be applied to many of the ARTs including in 
vitro fertilization (IVF), AI and intracytoplasmic sperm injection (ICSI). The maintenance of 
genetically altered (GA) lines of model organisms for biomedical research greatly benefits from 
this since it significantly reduces the cost and space of maintaining genetically valuable lines of 
model organisms. With the revolutionary emergence of high-throughput sequencing 
technologies (Reuter et al., 2015) and the advances made in genome editing technologies (Gilles 
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and Averof, 2014), there has been a rapid expansion of the number of different genetically 
engineered animal strains (Flisikowska et al., 2014; Sasaki, 2015; Sharp and Mobraaten, 1997; 
Tesson et al., 2005). To maintain these strains in a way that is cost effective and in a manner 
that improves animal welfare by reducing the number of animals held, stock centres and 
laboratories invest in genome resource biobanking (Agca, 2012; Critser and Russell, 2000). 
Indeed, in the case of laboratory mice and rats, most GA lines are held as cryopreserved sperm 
samples and embryos (Benson et al., 2012). Nowhere is this more apparent in recent efforts to 
optimize Xenopus sperm cryopreservation (Mansour et al., 2009; Sargent and Mohun, 2005) to 
satisfy the growing demand of GA lines. This is largely attributed to the versatility of Xenopus as 
a vertebrate model organism (See section 1.4). Successful cryogenic storage of Xenopus 
spermatozoa may also serve as a valuable model for ex situ conservation endeavours aimed at 
threatened amphibian species. There are now reports of successful human oocyte 
cryopreservation and it has been introduced into clinical practice (Konc et al., 2014; Urquiza et 
al., 2014). Attempts to cryopreserve oocytes or eggs of non-mammalian species have not yet 
been reported. There are, however, alternative and novel methods of preserving germplasm 
from genetically valuable species such as primordial germ cell (PGC) cryopreservation and 
transfer. Pioneered in zebrafish with some initial success, it is based on cryopreservation of the 
primordial germ cells with the aim of transferring into a new host, which may be of another 
species, which would then reproduce to regenerate the species from which the donor tissue or 
PGCs had derived from (Higaki et al., 2013; Kawakami et al., 2012; Tajima et al., 1998). 
 
1.2. Limitations of cryopreservation 
With the notable progress of cryostorage technology and its subsequent application to a wide 
range of cross-disciplinary purposes, major efforts are underway to optimize freezing protocols 
and mitigate the damage caused by cryopreservation whether cellular, physiological or 
molecular (Morris et al., 2012). The fundamentals of cryobiology draw on several disciplines 
ranging from biology and chemistry to physics and engineering (Woods et al., 2004); together 
these determine the parameters with which to establish effective cryopreservation procedures 
(Morris et al., 2012). Effective sperm cryopreservation is typically species-specific, with different 
rates of success achieved even between individuals within the same species (Kumar et al., 
2003).  
 
The variation in how spermatozoa respond to cryopreservation treatment in terms of post-thaw 
survival, motility and fertility may be attributed to a lack of understanding of fundamental 
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cryobiological properties such as the osmotic properties of the plasma membrane or the level of 
cryotolerance to the toxic effects of cryoprotective agents (CPA). This is exemplified in mice 
where sperm cryopreservation produced different results depending on the strain from which 
the sperm were derived (Tada et al., 1990). This lack of knowledge has also quite often led to 
approaches to setting protocols to be limited to empirically derived methodologies based 
largely on trial and error. For example, an optimized freezing protocol for Xenopus laevis by 
Mansour et al. (2009) was developed from the use of a protocol matrix where the main steps of 
the procedure were evaluated based on motility, viability and fertility responses (Mansour et 
al., 2009). With respect to accommodating for the variation and seemingly unpredictable nature 
of cryopreservation success outcomes, one can argue that the best, most ‘ideal’ optimization 
strategy would be firstly to create a protocol for a particular cell type; then for the cell type of a 
particular species, and finally for the cell-type of an individual (Woods et al., 2004). 
 
1.2.1. Physiological and cellular damage during sperm cryopreservation 
Injury sustained during the freeze-thaw process of sperm cryopreservation is commonly 
assessed and characterised within the parameters or constraints set by the ‘two-factor’ 
hypothesis (Figure 1.1). This involves sub-optimal slow cooling rates which allow for toxic 
‘solution effects’ or hypertonic damage from prolonged exposure to the concentrating external 
solution, while fast cooling rates lead to damaging intracellular ice crystal formation (Mazur et 
al., 1972). In the former, rapid cooling rates cause the cells to vitrify where intracellular glass 
forms, as opposed to ice crystals, through extreme elevation of viscosity (Katkov et al., 2006). 
However, if cooled too rapidly, the likelihood of intracellular water freezing increases (Mazur, 
1963). In the latter case, ice masses materialise from the decrease in temperature. The 
supercooled intracellular water, which has greater chemical potential compared to ice, causes a 
decrease in volume of the unfrozen fraction and an increase in solute concentration creates a 
driving force for efflux of cell water (Mazur, 1984). The formation of intracellular ice crystals is 
avoided when the rate of cooling is slow enough so that there is enough time for the increase in 
osmotic strength to efflux water out of the cell before nucleation temperature is reached and 
intracellular ice crystals form. This dehydration effect of a freezing rate that is too slow, can lead 
to cell shrinkage and a cell volume below the minimum required to maintain the cytoskeleton, 
genome structures and cell viability (Mazur, 1984). An optimum cooling rate must be high 
enough to avoid ‘solution’ effects yet slow enough to avoid formation of intracellular ice-
crystals and its quantification is dependent on the interaction between variables including the 
 5 
 
cell’s permeability to water, activation energy of that permeability and the surface area to 
volume ratio (Critser and Mobraoten, 2000).  
 
Contrary to Mazur’s ‘two-factor’ hypothesis, it has been demonstrated that in human 
spermatozoa (Morris, 2006) and horse spermatozoa (Morris et al., 2007) which had been frozen 
at rapid rates where intracellular ice-crystal formation was not induced, a significant loss of 
viability was still observed (Morris et al., 2012). This suggests that other factors are involved. As 
a sperm cell is frozen and thawed it experiences changes in the physico-chemical environment. 
Rapid cooling rates cause vitrification of the intracellular compartment at approximately -30 °C 
for mammalian spermatozoa when the extracellular suspension is relatively dilute. When lower 
temperatures are reached the concentration of the cryoprotectant will increase due to the 
formation of ice crystals. A more concentrated extracellular cryoprotectant solution will 
therefore be encountered by the cell during warming before the intracellular compartment is 
devitrified. In particular the plasma membrane which is the proposed primary site of damage, 
will be exposed to this extreme osmotic imbalance. The plasma membrane will also be exposed 
to the recrystallization of small ice crystals into larger ice crystals in the freeze concentrated 
matrix, which may also cause physiological damage to the cell. It is the diffusion limited ice 
crystallisation in the surrounding cryoprotectant medium during cooling and the subsequent 
osmotic shock during thawing which is proposed to be damaging to cells, not intracellular ice 
crystal formation during freezing. It is therefore likely that this also determines species-specific 
sensitivity to cryopreservation (Morris et al., 2012). Furthermore, variation of osmotic sensitivity 
of spermatozoa from different mouse strains has even been suggested (Songsasen and Leibo, 
1997). 
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Figure 1.1 Cryoinjury mechanisms during freezing 
(a) Schematic of physical events in cells during freezing according to the ‘two-factor’ hypothesis. 
If cells are cooled too rapidly, water is not lost from the cell fast enough by exosmosis to avoid 
intracellular ice crystal formation, which restores equilibrium with the extracellular matrix 
(centre right). If the cooling rate is sufficiently slow, the cell dehydrates at a rate that eliminates 
supercooling and intracellular freezing (top right). If the rate of cooling is too slow, the cell will 
be exposed to severe volume shrinkage and long-term exposure to high-solute concentrations 
(bottom right) (Mazur et al., 1972). Adapted from (Gao and Critser, 2000). (b) At a slow rate of 
cooling, the cell initially encounters an increase in extracellular solute concentration, or glycerol, 
at a faster rate compared to rapid cooling during which the cell experiences less osmotic and 
chemical stress. However, on thawing, the cells are immediately exposed to damaging osmotic 
shock from the highly concentrated extracellular matrix. Reproduced from (Morris et al., 2012). 
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1.2.2. The role of cryoprotectants  
In many cases CPA(s) are required to ensure the survival of cells and minimize cryoinjury from 
the freezing and thawing process and from the formation of intracellular ice crystal formation. 
The concentration of these CPA(s) together with the permeability of the cell’s membrane will 
dictate the effectiveness of the CPA. This is achieved either through penetrating CPA(s) such as 
dimethyl sulfoxide (DMSO) or glycerol, which function to stabilize cell plasma membrane 
proteins and lower electrolyte concentrations (Arakawa et al., 1990) or non-penetrating CPA(s) 
such as sucrose and trehalose, which act to improve the osmotic imbalance that occurs during 
freezing (McGann, 1978). Despite their protective benefits, the addition and subsequent 
removal of CPA(s) can result in osmotically driven volume excursions and potential osmotic 
damage. The addition of a permeating CPA to a cell suspension can create a hyperosmotic 
environment. This can cause the cells to firstly shrink as water leaves through the plasma 
membrane and then swell as the CPA enters the cell and water re-enters to maintain chemical 
potential. During the removal of a CPA, cells will initially swell due to an influx of water and then 
slowly return to isosmotic volume as the CPA and water leave the cell. The repeated changes in 
solution osmolality can result in significant loss of functional integrity or even cell death.  
 
The composition and concentrations of CPA(s) used need to be monitored and assessed 
appropriately to avoid toxic and osmotic damage that could otherwise cause the cells to swell 
and the plasma membrane to rupture. This potential toxicity also represents a major obstacle in 
the application of cryopreservation in the field of medicine and organ transplantation (Best, 
2015). Although toxicity has been widely investigated there are many conflicting findings and a 
consensus on the least toxic and most effective CPA(s) remains elusive (Fuller and Paynter, 
2004; Szurek and Eroglu, 2011); this may be a reflection on the extreme variation in response to 
cryopreservation between species. It has been proposed that to minimise the detrimental 
effects of CPA(s) the cell suspension should spend the least amount of time exposed to CPA 
before freezing and the CPA should be introduced gradually and in a gradient of increasing 
concentration (Critser et al., 1987). In the case of human spermatozoa, CPA(s) containing 
solutes most permeable to the plasma membrane result in higher cell motility and survival after 
cryopreservation where the CPA was added and then removed (Gilmore et al., 1997). 
 
1.3. Genetic aspects of cryopreservation 
The effective success of any given cryopreservation procedure and subsequent post-thaw 
recovery of cells following freezing and thawing can be largely attributed to the interaction 
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between two properties; the degree to which the cell is cryotolerant and the effectiveness of 
the cryopreservation protocol. These are typically assessed by changes in classical parameters 
such as morphology, motility and viability, but rapid developments in the last 20 years in 
molecular biology and our improved understanding of the genome have added new assessment 
parameters. One important question to ask is: are the genomic material and the mechanisms of 
gene expression affected by the freeze-thaw process? This can serve the cryopreservation field 
since it provides yet another crucial parameter (arguably the most important) with which to 
investigate the detrimental effects of cryopreservation. This should drive improvement of 
current protocols and it also has potential to provide new insights into sperm chromatin 
structure. Chromatin structure is a dynamic feature of the sperm cell and could be intrinsically 
linked to genome stability during cryopreservation. Chromatin must endure the extremities 
associated with freezing and thawing if healthy offspring are to be obtained whenever 
cryopreservation is applied in ARTs. The genetic aspects of cryopreservation encompass several 
elements of the genome including DNA, gene expression and epigenetics, all of which are 
potentially subject to cryo-induced damage via mechanical and chemical stress.  
 
1.3.1. DNA 
Deoxyribonucleic acid (DNA) is a linear sequence composed of two strands of polynucleotides 
which form a double helix and encodes the genetic instructions for biological life (Watson and 
Crick, 1953a). Through DNA replication these genetic instructions form the basis for the 
transmission of biological traits from one cell to another through cell division and from one 
generation to the next (Watson and Crick, 1953b).  
 
The transmission and subsequent expression of biological information encoded within DNA can 
only occur through interaction with many other components of the cell, namely ribonucleic 
acids (RNA) and proteins. This process, dubbed the Central Dogma, says that DNA is first 
transcribed into messenger RNA (mRNA), which in turn is translated by ribosomes into the 
amino acid sequence of a polypeptide chain which comprises a functional protein (Crick, 1970). 
The genome therefore represents a passive storing of biological information, which is largely 
the same in every cell of an organism, but requires active components and mechanisms 
responsible that control the genome to produce morphologically and functionally unique cell 
types. This principle of genomic equivalence (Reyer, 1954), and thereafter spatiotemporal 
differential gene expression (Gurdon, 1968, 1977; King and Briggs, 1956), has propelled our 
current understanding of cell and developmental biology and has led the way to ground-
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breaking experiments and discoveries such as cloning and nuclear transfer and cell 
reprogramming that have major roles in the future of medicine (Gurdon, 2006). The DNA 
sequence differences within genomes of different species have also provided major insights into 
our evolutionary history and this has been enhanced by recent advances in genome sequencing 
technology (van Dijk et al., 2014).  
 
The double helix structure of DNA where both strands are wound round a single axis in a right-
handed fashion was first described by Watson and Crick (1953) and was derived from Rosalind 
Franklin’s X-ray diffraction pattern and built upon a previously described alpha-helical 
macromolecular structure (Pauling et al., 1951). The structure presented by Watson and Crick 
has since been referred to as B-form DNA, the most commonly found in nature where it has 
approximately 10 nucleotides per turn of the helix (Drew et al., 1981). DNA can also exist in 
other forms; Z-DNA was in fact the first crystal structure of DNA which unlike the classical B-
DNA, is a left-handed helix due to the high salt and rich GC base-pair content used to create the 
crystals (Wang et al., 1979). The third form of DNA is known as A-DNA which occurs when the 
DNA is dehydrated, in DNA/RNA hybrids and in double stranded RNA (Fernandez et al., 1997). 
Interestingly, the conformation conferred in A-form DNA has been implicated in the role of 
transcript levels from the gata2 promotor in Xenopus embryos (Llewellyn et al., 2009).  
 
In its natural state DNA is a highly interactive, dynamic and high-energy molecule (Friedberg, 
1995; Polo and Jackson, 2011). It is mostly maintained in a slightly underwound, negatively 
supercoiled state, it can acquire different conformations; left and right directions, varying 
degrees of supercoiling, knotting and linking all to accommodate for or as a consequence of the 
many DNA metabolic cell functions such as DNA replication, transcription, repair and 
recombination (Liu and Wang, 1987; Postow et al., 2001).  
 
1.3.2. Sperm Chromatin Structure 
The packaged form of sperm chromatin is a highly organised and complex structure compared 
to that of other cell types (Ward, 2010). This confers a degree of structural resistance to the 
occurrence of sperm DNA damage during transit to the egg and therefore holds significant 
implications for male fertility and reproductive outcome. Sperm chromatin organization must 
also enable rapid decondensation, integration into the zygotic genome and expression of key 
genes required for early development (Rivera and Ross, 2013). In both germ and somatic cells, 
DNA is wrapped around octomers of histones, which are basic proteins that serve as a structure 
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to enable compact packaging of the DNA and function to regulate and protect DNA (Ljungman 
and Hanawalt, 1992). Protamines are secondary nuclear compaction proteins, rich in positively 
charged arginine residues, that neutralize the negative charge of the phosphate backbone of 
the DNA and are present only in male germ cells, they provide an even higher level of 
compaction of DNA (Bellvé et al., 1975; Ward and Coffey, 1991) (Figure 1.2). In humans, most of 
the sperm genome is packaged by protamines but approximately 5-15% of the genome remains 
bound to histones (Hamatani, 2012). It is thought that this arrangement allows for rapid 
reprogramming from a paternal to zygotic genome through epigenetic modifications of histones 
and of the chemical changes to the DNA itself such as methylation (Rivera and Ross, 2013). 
Much of what is known about sperm chromatin structure is mammal derived. 
   
1.3.2.1. The Sperm Epigenome: Histones and Protamines 
Our understanding of development and disease has advanced in recent years, particularly 
through the availability of the human genome and studies of cancer. This has led to the study of 
epigenetics which are the heritable changes in gene expression that are not limited to the four 
bases of DNA (Goldberg et al., 2007). The sperm epigenome is understood to play a crucial role 
in embryogenesis (Rivera and Ross, 2013).  
 
In somatic and germ cells, DNA that is bound to histones is typically associated with the nuclear 
matrix, which is the network of fibres found throughout the inside of the nucleus. There are five 
different histone subtypes (H1/H5, H2A, H2B, H3 and H4). The basic repeating, structural unit of 
chromatin is the nucleosome, which is composed of a core histone octamer, around which the 
DNA is wrapped in 1.7 turns and consisting of approximately 146 base pairs (Richmond and 
Davey, 2003). Nucleosomes are connected together by variable lengths of linker DNA (Conaway, 
2012).  
Mature X. laevis sperm contains six sperm-specific nuclear basic proteins referred to as SP1 to 
SP6, in addition to somatic-type histones H3 and H4 but has dramatically reduced levels of H2A 
and H2B. Structural analysis has shown that SP2, a posttranslational cleavage product of SP1, is 
structurally and functionally related to proteins of the histone H1 family, particularly to 
vertebrate histone H1x and binds to nucleosomal DNA in a way that is very similar to that of 
histone H1. Not only do these proteins share compositional similarity with SP3-SP6, they also 
share striking similarity with what has previously been shown in invertebrate groups such as 
Mytilus (blue mussel) therefore suggesting evolutionary relevance (Frehlick et al., 2007). 
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Figure 1.2 Major structural elements of spermatozoa. 
Chromatin compaction is a key feature of spermiogenesis and characterised by replacement of 
histones with protamines which packages the DNA into tight, compact loop structures called 
toroids. Most of the sperm DNA is packaged in this way but selective histone retention (green 
solenoid) is believed to localize at the promotors of microRNAs, embryonic development genes 
and imprinted loci (Hammoud et al., 2009). Linker regions between protamine toroids are 
nuclease sensitive and may also be associated with histones. MAR, matrix attachment region. 
Reproduced from  (Ward, 2010). 
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The replacement of many somatic histones with testis-specific histone variants is required for 
the early stages of spermatogenesis. These testis-specific substitutions are replaced in a 
stepwise manner with transition proteins during the later stages of spermatogenesis 
(spermiogenesis) which are in turn replaced with protamines as the chromatin is wound into 
tightly packaged toroids (Ward and Coffey, 1991). Mammalian protamines also contain several 
cysteine residues; these provide further chromatin stability as they can form disulphide bonds. 
The toroid structure facilitates DNA protection, transcriptional dormancy and efficient sperm 
motility. The DNA will remain in this state until nuclear decondensation during fertilization. 
Paternal protamines are replaced with maternal histones usually within the first 2-4 hours after 
fertilization (Gannon et al., 2014).  
 
The placement and retention of sperm histones are non-random and commonly associated with 
gene promoters, developmentally important genes, transcription factor genes, miRNA genes 
and imprinted genes. Furthermore, specific histone modifications are known to increase 
accessibility of transcription factors thus rendering regions of the paternal genome as ‘poised’ in 
anticipation for activation during early embryonic development, similar to that in embryonic 
stem cells (Hammoud et al., 2009). 
 
To enable a paternal contribution to embryonic totipotency the methylation marks and nuclear 
protein content in the paternal pronucleus must be removed. Some methylation marks, 
however, remain unchanged, such as those found in imprinted clusters thus suggesting that the 
paternal epigenome is of some consequence to the developing embryo (Abdalla et al., 2009). 
Indeed, paternal epigenetic abnormalities have been linked to diseases such as Beckwith-
Wiedemann syndrome (Hammoud et al., 2011) and Angelman syndrome (Lalande et al., 1999). 
There is a large prevalence of these cases among the offspring of babies derived from IVF and 
ICSI, which has led to further detailed research in this field (Reefhuis et al., 2009). Aberrant DNA 
methylation can also lead to detrimental reproductive outcomes; DNA methyltransferase 
(DNMT) deficient mice show decreased male fertility (Kato et al., 2007) and couples undergoing 
assisted reproductive technology exhibiting hypomethylation in the sperm DNA have decreased 
sperm maturation and embryogenesis (Benchaib et al., 2005).  
 
1.3.3. DNA damage 
The discovery of DNA and its significance in coding for biological life emphasizes the importance 
of genome integrity. Tens of thousands of DNA lesions occur in each of the   ̴1013 cells in the 
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human body per day (Lindahl and Barnes, 2000), which presents a constant challenge to the 
genome. These challenges are countered by several repair mechanisms and signalling pathways 
to prevent the transmission of damage to daughter cells (Ciccia and Elledge, 2010). The 
importance of these damage detection and repair mechanisms is highlighted by the severe 
detrimental cellular and organismal fates if they are compromised by influences such as aging, 
developmental defects, neurodegenerative disease and cancer (Jackson and Bartek, 2009).  
 
Many different chemical changes can be induced in DNA. These can occur as abasic sites, 
mismatches introduced during DNA replication, thymine dimers, single and double-stranded 
breaks or inter-strand crosslinks introduced during events such as replication, recombination 
and repair. These occurrences, however, can also be induced by radiation and toxic 
environmental chemicals or as transitory occurrences during developmentally regulated 
genome rearrangements in lymphocytes and germ cells (Jackson and Bartek, 2009). These can 
cause significant consequences for the cell; for example DNA catenanes which are intertwined 
ring structures, are a natural consequence of DNA replication (Sakakibara et al., 1976) and for 
segregation to occur unlinking of catenanes must occur (Fogg et al., 2012). DNA knotting, which 
is caused by DNA metabolism, has the potential to block transcription by presenting topological 
difficulties (Deibler et al., 2001), which could cause mutations, chromosomal aberrations and 
ultimately cell death (Deibler et al., 2007). Cryopreservation may also cause DNA damage, even 
in the highly protected, compact sperm chromatin. 
 
1.3.4. Sperm DNA damage 
The routine examination of spermatozoa in ART to predict fertility, whether for clinical purposes 
or animal research, includes evaluation of morphological parameters, motility percentage and 
spermatozoa concentration, but the examination of DNA integrity is mostly overlooked (Simon 
et al., 2010). Recently, however, there has been growing concern over the significance of such 
damage and the consequences pertaining to male infertility and developmental defects in the 
offspring. One in six couples of childbearing age are affected by infertility (Hull et al., 1985) with 
the single most common factor contributing to infertility being abnormal semen quality 
(Campbell and Irvine, 2000). Indeed, an increased proportion of DNA fragmentation has been 
associated with poor semen quality (Lopes et al., 1998). There is also increasing evidence of 
reduced pregnancy rates and detrimental effects sustained in subsequent embryonic 
development such as abnormally slow embryo morphokinetic parameters (Bungum et al., 2011; 
Wdowiak et al., 2015). Furthermore, studies have shown that a high percentage of mice derived 
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from intracytoplasmic sperm injection (ICSI) of spermatozoa with a high DNA fragmentation 
index (DFI) showed a significant increase in the incidence of abnormal behaviour, 
malformations, tumours and signs of premature aging (Fernández-Gonzalez et al., 2008). Thus, 
DNA damage assessment represents an enormously useful prognostic tool for the treatment of 
infertile couples, determining the health of the offspring and the risk of cancer in future 
generations (Perreault et al., 2003; Sharma et al., 2004). A greater understanding of the nature 
of sperm DNA damage is therefore needed. 
 
1.3.5. Sources of sperm DNA damage 
 
1.3.5.1. Intrinsic factors 
Spermatozoa encounter many intrinsic and extrinsic stress factors which originate from a range 
of sources and can cause abnormalities in the sperm chromatin structure. Among the intrinsic 
factors are deficiencies in meiotic recombination during spermatogenesis, which functions to 
create genetic diversity between individuals. This involves pairing of homologous chromosomes, 
followed by the exchange of genetic information between non-sister chromatids. Intrinsic to 
this process is the induction of double strand breaks by specific nucleases and DNA ligation of 
strand ends. Errors during recombination can lead to cell death. Highly condensed sperm 
chromatin has greater opportunity for DNA-DNA and DNA-protein interactions compared to 
somatic cells and it has been demonstrated that severely cross-linked chromatin is common in 
populations of defective spermatozoa (Windt et al. 1994).  
 
Another intrinsic factor which is a potential source of sperm DNA damage involves aberrant 
ratios between protamines 1 and 2 (P1, P2). During late spermiogenesis in humans the majority 
of histones are replaced by protamines in a multi-step process which functions to confer tight 
packaging of the sperm chromatin and compaction of the nucleus and termination of gene 
expression. Any disruption to the normal 1:1 expression levels of P1 and P2 in human 
spermatozoa was shown to be associated with an increase in sperm DNA fragmentation and the 
rate at which the damage occurred together with, lower fertilization rates, poor embryo quality 
and reduced pregnancy rates (García-Peiró et al., 2011).  
 
Sperm DNA damage can also arise from apoptosis. Apoptosis is an innate feature of cell 
physiology characterized by programmed cell death as part of growth and development and in 
the case of spermatozoa it functions to limit overproduction and normal proliferation (Sinha 
Hikim and Swerdloff, 1999). There is also an abortive apoptotic pathway in spermatozoa, which 
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the unlike complete apoptosis of immature sperm, is restricted. This is because the progressive 
differentiation and development of spermatozoa is coupled with transcriptional and 
translational suppression. In this case differentiating haploid germ cells are thought to undergo 
DNA fragmentation (Sakkas et al., 2004). This is mediated by endonuclease activity which 
generates DNA strand breaks during spermatogenesis and it is commonly observed in 
spermatozoa which are deemed unhealthy (Sakkas et al., 1999).  
 
Another intrinsic DNA damage factor is oxidative stress. This is caused by reactive oxygen 
species (ROS) which are reactive molecules containing oxygen and are generated as by-products 
of normal cellular metabolism. Spermatozoa have many potential sources of ROS (Aitken, 1999), 
which can go onto cause a range of chromatin abnormalities including chromatin cross-linking 
(Altman et al., 1995), DNA strand breaks (Chiu et al., 1995), chromosome deletions, dicentrics 
and sister chromatid exchanges (Twigg et al., 1998). Spermatozoa have two counter 
mechanisms to protect against oxidative DNA damage: the seminal plasma (Lewis et al., 1997) 
and the chromatin packaging structure (Ward and Coffey, 1991). 
 
1.3.5.2. Extrinsic factors 
There are many extrinsic factors known to induce sperm DNA damage; these include post-
testicular oxidative stress, bacterial infections, age, abstinence, temperature of testes and 
exposure of environmental chemicals  (González-Marín et al., 2012). One which is particularly 
noteworthy as it pertains to the quantification of sperm DNA damage, is the length of time after 
the moment of ejaculation. This is crucial for the longevity of the sperm DNA since this is not 
considered as a static parameter; rather, it is dynamic, and characterised by a decrease in DNA 
quality over time. The extent to which this is the case varies between species but is likely 
dependent on chromatin structure and protamine sequence. The dynamic decrease of sperm 
DNA fragmentation between 11 different mammalian species following cryopreservation and 
incubation at 37°C revealed that expression of protamine 2 was correlated with reduced DNA 
stability. However, a greater number of cysteine residues in protamine 1 were associated with 
increased sperm DNA stability, possibly due to greater chromatin compaction (Gosálvez et al., 
2011).   
 
The preparation of spermatozoa for ART including collection methods, are also potential 
sources of sperm DNA damage. Semen collection methods and the time of year the sample was 
collected has an effect on sperm DNA quality. For example it has been shown that semen 
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samples collected by artificial vagina have a lower percentage of sperm DNA fragmentation. 
Semen collected during the natural breeding season of the antelope also showed improved 
sperm DNA quality (Jiménez-Rabadán et al., 2012). The detrimental impact of cryopreservation 
on genomic integrity has become a recurring theme in the field of ART and although the 
dynamic increase in DNA fragmentation is species-specific, it is likely to negatively impact 
reproductive outcomes negatively (González-Marín et al., 2012).  
 
The extrinsic factors which promote spermatozoal DNA damage have also been investigated for 
several external fertilizers such as aquatic species (Cabrita et al., 2005; Pérez-Cerezales et al., 
2010). The evaluation of DNA quality in the assessment of cryopreserved sperm of external 
fertilizers is of particular importance for the large scale commercial application of 
cryopreservation. In the case of rainbow trout (Oncorhynchus mykiss), a commercially cultured 
species, the comet assay revealed 11.1% damaged DNA in fresh spermatozoa and 30.3% 
damaged DNA in cryopreserved spermatozoa. It was also postulated that this chromatin 
damage could also have been responsible for the decrease in hatchability when cryopreserved 
sperm was used (Cabrita et al., 2005). A similar result was also found with sea bream (Sparus 
aurata), another commercially cultured species, where the percentage of cells having more that 
40% of fragmented DNA increased after freezing and thawing. It was also suggested that the 
level of damage up to 40% could be repaired by oocyte DNA repair mechanisms during 
fertilization (Cabrita et al., 2005). The nature of such damage is still not clear, but a number of 
mechanisms have been suggested such as an increase in the intracellular calcium concentration 
caused by cryopreservation (Hammadeh et al., 2001) and the production of reactive oxygen 
species (ROS) induced by cryopreservation (Ahmadi and Sonn-Chye, 1999). Nevertheless, it is 
clear that DNA damage can be one more cause of cryoinjury for some aquatic species.  
 
1.3.6. Extreme factors associated with cryopreservation 
The freezing and thawing process of cryopreservation presents several fluctuating physical and 
chemical extreme factors to the genome integrity of the cryopreserved sample. These are 
summarised in Table 1.1.  Among the different types of physical and chemical factors of 
cryopreservation the most commonly implicated in the damage caused to the genome are 
hyperosmotic stress and oxidative stress. Apoptosis has also been associated with cryo-injury to 
sperm DNA. It has been shown that cryopreservation increases the activity of particular 
caspases, which are key components of apoptotic pathways, in human (Paasch et al., 2004) and 
bull spermatozoa (Martin et al., 2004). However, the evidence for this correlation is considered 
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weak while the role of oxidative stress has been proposed to be a more likely mechanism in 
inducing DNA damage (Thomson et al., 2009). Cryopreservation increases the production of 
reactive oxygen species (ROS), which damages DNA by causing abasic sites, cross-linking, base 
changes and DNA strand breakages (Twigg et al., 1998). The mitochondrial membrane is also 
vulnerable to cryo-induced damage since a change in membrane fluidity can affect its potential 
and cause the release of ROSs (Said et al., 2010).  
 
The DNA structure of the spermatozoa genome is also under significant hyperosmotic stress 
during cryopreservation, which could cause DNA fragmentation or inhibition of DNA repair 
leading to wider genome aberrations (Kültz and Chakravarty, 2001). There are three proposed 
mechanisms which mediate this effect. First, mechanical strain can be imposed on to regions of 
the genome where chromatin packaging is rigid as a result of increased ionic strength from cell 
shrinkage (Kopeika et al., 2014). The second is the generation of oxidative stress, which can 
cause double strand breaks (DSBs) (McCarthy et al., 2010), and the third is the production of 
DSBs from disruption of the equilibrium between constitutive DNA repair and DNA damage or 
increased accessibility of nucleases or free radicals to certain regions of the genome (Kopeika et 
al., 2014).    
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Physical or Chemical factors (in 
non-physiological range) 
Consequence of the DNA structure 
Fluctuation of pH Deamination, depurination, depyrimidation 
The extremes of high or low pH destabilize DNA helix and change the 
melting point (Williams et al., 2001). 
Neutral or acid pH causes more chromosomal aberration during 
freezing-drying of mouse spermatozoa than alkaline (Kaneko et al., 
2003). 
 
Temperature Cold denaturation (Marenduzzo et al., 2001; Privalov, 1990). 
Reactive oxygen species (ROS) Fragmentation, base loss, single-strand breaks and double-strand 
breaks, production of 8-hydroxyguanine DNA-protein cross-links 
(Dizdaroglu and Jaruga, 2012; Jena, 2012). 
 
Ethylene glycol Increases hyperchromicity, ellipticity and pre-melt slope of chromatin. 
Destabilizes high melting region of polypeptide-bound DNA and the 
extent of higher ordered structure in model complexes and chromatin 
(Nelson and Johnson, 1970; Schwartz and Fasman, 1979). 
 
Dimethyl sulphoxide Causes DNA methylation, conformational changes in the DNA and 
chromatin (Nelson and Johnson, 1970). 
Can facilitate DNA double-break strand repair via possible 
conformation of heterochromatin (Kashino et al., 2010). 
 
Propylene glycol Increases DNA methylation (Hu et al., 2012). 
Glycerol Changes the conformation of DNA, has a destabilizing effect and 
decrease T melting (Nakanishi et al., 1974). 
 
Hyperosmotic stress Results in chromosomal aberrations and DNA double-strand breaks; 
modulates DNA-protein binding; alters chromatin compactness (Kültz 
and Chakravarty, 2001); causes misfolding of proteins (Oganesyan et 
al., 2007) induces production of reactive oxygen species (McCarthy et 
al., 2010).  
 
Table 1.1 Effect of different extreme factors on the DNA 
Reproduced from (Kopeika et al., 2014). 
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1.3.7. Sperm DNA damage responses  
Genetic stability and integrity in germ line cells is critical for the high-fidelity transmission of 
genetic information to the next generation. This is exemplified by the fact that if DSBs in the 
male germ line are left unrepaired they can lead to chromosome breaks and translocations that 
are associated with developmental defects, sterility and cancer predisposition (Jackson and 
Bartek, 2009). However, the occurrence of mutations is an essential evolutionary driver which 
must be tolerated within gametes. Thus a balance between genome stability and instability is 
achieved through several lines of defence, characterised firstly by mechanisms of prevention 
such as detoxifying peptides and proteins, and ROS scavengers, such as vitamins E and C. 
Secondly, this balance is achieved by DNA damage response and repair pathways to reduce the 
possibility of inducing mutations and thirdly by the elimination of cells having damaged DNA by 
spontaneous death or apoptosis (Olsen et al., 2005). The type of DNA repair elicited is 
determined by the nature of the DNA damage as summarised in table 1.2.  
 
The dramatic reorganization of sperm chromatin during spermiogenesis where histones are 
replaced by protamines causes transient breaks in the DNA to allow for topological changes 
leading to removal of DNA supercoiling mediated by topoisomerase II beta (TOP2B). Subsequent 
DNA condensation events and religation following TOP2 activity may optimize the strand repair 
process of endogenous DNA fragmentation (Leduc et al., 2008). The main repair responses are 
summarised in Figure 1.3 and the mechanisms operating in mammalian germline cells are: 
nucleotide excision repair (NER), base excision repair (BER), mismatch repair (MMR), post 
replication repair (PRR) and DNA double strand break repair (DSBR) (González-Marín et al., 
2012).  
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DDR mechanism Prime lesions acted upon 
Direct lesion reversal O
6 
alkylguanine 
 
Mismatch repair DNA mismatches and insertion/deletion loops arising from DNA 
replication 
 
Base excision repair and SSB 
repair 
Abnormal DNA bases, simple base adducts, SSBs generated as base-
excision repair intermediates by oxidative damage or by abortive 
topoisomerase I activity  
 
Nucleotide excision repair 
(NER) 
Lesions that disrupt the DNA double helix, such as bulky base 
adducts and ultraviolet photo-products 
 
Trans-lesion bypass 
mechanisms 
Base damage blocking replication-fork progression 
Non-homologous end-joining 
(NHEJ) 
Radiation- and chemically-induced DSBs plus V(D)J and class-switch 
recombination intermediates 
 
Homologous recombination 
(HR) 
DSBs, stalled replication forks, inter-strand DNA crosslinks and sites 
of meiotic recombination and abortive topoisomerase II action  
Fanconi anaemia (FANC) 
pathway 
Inter-strand DNA crosslinks 
ATM-mediated DDR signalling DSBs 
ATR-mediated DDR signalling ssDNA, resected DSBs 
 
Table 1.2 Summary of the types of DNA damage responses (DDR) induced by different types 
of DNA damage. 
Reproduced from (Jackson and Bartek, 2009). 
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Figure 1.3 Summary of DNA damage responses (DDR) due to different factors. 
Genome integrity is affected by several types of intrinsic and extrinsic factors and the cellular 
response is controlled by distinct protein complexes which act as sensors, transducers and 
effectors induced by DSBs. If DSBs are left unrepaired, cells can undergo apoptosis to prevent 
the accumulation of mutations. If all the damage responses fail, de novo mutations will appear. 
Reproduced from (González-Marín et al., 2012) and (Ménézo et al., 2010). 
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1.3.7.1. Single-strand breaks 
SSBs are the most common type of DNA damage and are typically characterised as a 
discontinuity on a single strand of DNA where there is loss of a single nucleotide and a damaged 
5’ -and/or 3’ –terminus at the site of the break (Caldecott, 2008). In the case of human 
spermatozoa, single-stranded DNA fragmentation (ssSDF) has been implicated in reduced male 
fertility whereas double-stranded DNA fragmentation (dsSDF) has been associated with a higher 
risk of miscarriage (Ribas-Maynou et al., 2014). Studies have shown that early stage male germ 
cells, from stem cells to spermatids, have the capacity to repair DNA damage. Van Loon et al 
(1991) used immunochemical detection of DNA damage and DNA excision repair in 
spermatocytes and round spermatids to show that they exhibited normal, efficient repair at 
sites of SSBs compared to somatic cells while elongated spermatids and spermatozoa showed 
no repair activity, presumably since transcription and translation stops post-spermiogenesis. 
Similar observations were made in human (Olsen et al., 2003), mouse and rat (Jansen et al., 
2001; Olsen et al., 2005). Despite the involvment of SSBs in reduced human fertility, there is 
evidence to suggest that they are a normal feature of koala sperm chromatin due to the 
presence of alkali labile sites (ALS) which are part of the structural configuration of the koala 
sperm nucleus, whereas DSBs are indicative of DNA damage (Zee et al., 2009), thus there may 
be a species-specific difference in the importance of SSBs in fertility.     
 
1.3.7.2. Double-strand breaks 
The most deleterious form of DNA damage is a DSB because there is no intact complementary 
strand of DNA to serve as a template for DNA repair. These are usually repaired by non-
homologous end joining (NHEJ), homologous recombination (HR) or alternative NHEJ (A-EJ), also 
known as microhomology-mediated end-joining (MMEJ) (Figure 1.4). The principle mechanism 
of DSB repair in higher eukaryotes is NHEJ. This involves recognition of the breakage site by the 
Ku protein which then binds and activates the protein kinase DNA-PKcs. This is followed by the 
recruitment and activation of end-processing enzymes, polymerases and DNA ligase IV. The 
MMEJ pathway is Ku-independent but like NHEJ it is error-prone (Jackson and Bartek, 2009). 
Spermatogenic cells however, differ in their DSB repair capacity owing to the absence of or 
deficiencies in certain repair proteins which can make the process slower compared to somatic 
cells. It has been suggested that the less characterised MMEJ pathway may contribute to 
physiological and pathological DSB repair (Nussenzweig and Nussenzweig, 2007). Indeed there 
is evidence to suggest that round spermatids in mice utilize the alternative pathway to repair 
radiation-induced DSBs, which requires the activity of PARP1 and XRCC1-DNA ligase III (Ahmed 
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et al., 2010). Furthermore, no differences were detected in the round spermatids of 
immunodeficient scid mice, which were DNA-PKcs deficient compared to DNA-PKcs proficient 
mice in their DSB repair kinetics. This suggests that the NHEJ pathway does not play a major role 
in DSB repair in spermatogonial stem cells (SSCs) (Rübe et al., 2011). This may be due to the 
different chromatin compositions characteristic of the various stages of spermiogenesis which 
therefore require different repair proteins and mechanisms (González-Marín et al., 2012). 
 
Chromatin structure is an important pre-condition for the recruitment and function of DNA 
repair proteins and is modulated in response to DNA damage. The first histone modification to 
be associated with DNA repair was phosphorylation of serine 139 of the H2A histone variant 
H2AX mediated by ATM/ATR/DNA-PK on chromatin flanking DSBs. This leads to the recruitment 
of DDR factors and other chromatin-modifying components to promote repair and amplify DSB 
signalling (Huen and Chen, 2008). In elongating spermatids of mice it has been proposed that 
PARP2 is recruited to sites of DSBs which triggers the addition of poly(ADP-ribosyl) polymer on 
surrounding histones and the addition of NHEJ elements. The free DNA ends are then processed 
with gaps filled by a DNA polymerase and ends ligated (Leduc et al., 2008); this has been shown 
to be facilitated by transition proteins and protamines (Caron et al., 2001). The phosphorylation 
of H2AX tyrosine 142 is another histone modification associated with DNA repair suggesting it is 
likely that other DNA-damage induced chromatin modifications exist (Cook et al., 2009). In 
contrast, SSCs are at the early stages of spermatogenesis, do not have compact chromatin at 
this stage of development and are independent of repair mechanisms requiring DNA-PKcs. An 
alternative process has been suggested to occur whereby cell-cycle checkpoints in the 
differentiating progeny eliminate damaged cells by apoptosis. It is therefore important to 
consider the cell-type specific chromatin compositions since this will determine the recruitment 
of specific DNA repair components and pathways and therefore the fate of the male germ cell 
(González-Marín et al., 2012).  
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Figure 1.4 Summary of DNA repair mechanisms. 
(a) Canonical non-homologous end joining (C-NHEJ) functions by joining the DNA ends without 
any mechanism of restoring the original sequence. This repair mechanism is dependent on the 
Ku80/70 heterodimer and DNA-PK catalytic subunit (DNA-PKcs), which compromise the DNA-PK 
holoenzyme. The DNA ends are processed by additional enzymes and rejoined by the 
LIG4/XRCC4/XLF complex. (b) Alternative end-joining (A-EJ) is a repair pathway which engages at 
DSBs where C-NHEJ or HRR have attempted processing but has failed. It involves PARP1, the 
MRN complex and CtlP. The DNA ends are rejoined by LIG3. (c) Homologous recombination 
repair (HRR) involves the action of several proteins. First, the MRN complex and other accessory 
proteins resect the 5’ ends. The resulting 3’ overhangs are stabilized by the Replication Protein 
A (RPA) which also mediates the action of different proteins including Rad51 which catalyses 
homology-search, strand-pairing and strand-exchange. The resulting double Holliday junctions 
are resolved by resolvases and the DNA sequence around the DSB is restored with (shown) or 
without (not shown) cross-over.   Adapted from (Dueva and Iliakis, 2013). The involvement of 
PARP in C-NHEJ and HRR, as suggested by new data, is shown in Figure 4.1.  
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1.3.8. DNA repair during embryonic development 
Since DNA repair is terminated in mature spermatozoa, where transcription and translation is 
not active, there is no defence against the occurrence of DNA lesions during transit and storage 
in the epididymis or post-ejaculation in mammals. The length of time for which this lack of 
repair activity persists varies between species and is influenced by the time of storage in the 
epididymis and ejaculation behaviour. Maternal DNA repair in the oocyte and subsequent 
zygote therefore play a crucial role in mitigating the biological consequences of abnormal sperm 
chromatin structure. Indeed when maternal DSB repair pathways in the zygote were genetically 
disrupted, the repair of post-meiotic sperm DNA damage was altered resulting in a significant 
increase in chromosomal aberrations in the paternal genome at first cleavage metaphase 
(Marchetti et al., 2007). The level and type of DNA damage and the effectiveness of the repair 
mechanisms inherent in the oocyte will largely dictate such consequences in the form of 
embryo survival and phenotype.  
 
Since it is possible for spermatozoa with fragmented DNA to retain their capacity to fertilize, 
different outcomes, determined by DNA damage repair and affecting embryo viability, can 
therefore be expected. One possibility is that the repair machinery of the oocyte is not sufficient 
to repair the DNA damage, which could then cause developmental failure of the embryo or 
natural abortion at a later stage. On the other hand if DNA repair is carried out before the first 
cleavage then the DNA damage is compensable and the offspring will develop normally. In the 
worst case, partial DNA damage repair may occur where sequence errors are introduced into 
the genome and severe detrimental effects are exhibited by abnormal offspring. An expression 
profile of DNA repair genes revealed that all DNA repair pathways are potentially functional in 
human oocytes and blastocysts and a higher level of mRNA templates coding for HR repair 
genes compared to NHEJ genes were detected in oocytes and blastocysts (Jaroudi et al., 2009). 
This suggests that the HR repair of DSBs is prevalent in metaphase II oocytes and blastocysts, 
which is not surprising given its higher fidelity of DNA repair than NHEJ which is error-prone.  
 
The repair of DNA DSBs in paternal chromatin after fertilization has already been observed in 
mice where it was shown that NHEJ and HR are functional during the zygotic cell cycle (Derijck 
et al., 2008). Furthermore, studies in rodents suggest that mutations can derive from the 
paternal or maternal misrepair of the damaged paternal genome resulting in structural 
chromosome aberrations. In one recent example melphalan (MLP), an alkylating agent used in 
chemotherapy, was used to induce DNA lesions during male mouse meiosis. These persisted 
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unrepaired not only as the male germ cells progressed through repair competent stages of 
spermatogenesis but were mis-repaired into chromosomal aberrations by the egg’s repair 
machinery producing chromosomally abnormal offspring  (Marchetti et al., 2015).  
 
There are several unique features of zygotic DNA repair including dependence on mRNAs and 
proteins to control repair mechanisms due to a lack of transcription coupled translation 
(Schultz, 2002) and also the lack of a known G1-S checkpoint at the start of the cell cycle 
following gamete fusion (Shimura et al., 2002). Zygotic DNA repair is heavily regulated by 
maternal factors, particularly during the first two embryonic cell divisions, which are primarily 
controlled by maternal genes. The transition to zygotic expression of DNA repair genes 
commences at the four cell stage in human pre-implantation embryos (Braude et al., 1988) or at 
the two-cell stage in the mouse (Bultman et al., 2006). The paternal mutagenic exposure of 
wild-type male mice with ionizing radiation to induce DSBs during late spermiogenesis produced 
embryos with increased chromosomal abnormalities when mated with DNA repair deficient 
females which highlights the key nature of the zygote’s DNA repair capacity and therefore 
reproductive outcome (Marchetti et al., 2007). The mechanism of zygotic DSB repair is largely 
determined by the stage of development; NHEJ during the G1 phase of the zygotic cell cycle or 
through HR which is active during the later S/G2 phase of the cycle (Rothkamm et al., 2003). 
Another interesting feature of zygotes which influences DNA repair is their bias towards the 
generation of chromosome-type aberrations, as opposed to chromatid type abnormalities 
(Matsuda et al., 1985) which points towards NHEJ as the predominant repair pathway in several 
model organisms. Indeed, when the relative frequencies of HR and NHEJ were examined in X. 
laevis oocytes following microinjections of linear DNA molecules over 80% of repair product was 
generated from HR, whereas in microinjected eggs, over 95% from DNA end-joining, and both 
mechanisms generating repair products within 20 minutes of incubation. Interestingly, when 
fertilized eggs were injected, the linear DNA was recircularized by DNA end-joining up to 50% of 
the time (Hagmann et al., 1996). The authors conclude that it is likely that NHEJ which is highly 
efficient but error-prone is dominates repairing DSBs during early embryogenesis. 
 
1.4. Xenopus as a Model of Development 
Detailed studies of the molecular mechanisms which take place following the fertilization of an 
egg and the subsequent development of the embryo are made possible through the use of 
model organisms. There are a range of vertebrate and invertebrate species which are used to 
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aid our understanding of the processes which govern early development and their selection is 
usually based on historical and practical reasons.  
 
The female South African clawed frog, Xenopus laevis (Figure 1.5a), was first used in the early 
part of the 20th century as a pregnancy test (Elkan, 1938). The active component of a pregnant 
woman’s urine, human chorionic gonadotropin (hCG), when injected into female X. laevis frogs 
would induce ovulation. Due to their readily obtainable eggs from a simple hormone injection 
and relatively large size (1 – 2mm in diameter) which was ideal for grafting and explant cultures, 
Xenopus embryos became a useful tool in investigating signalling which led to the discovery of 
inducing factors (Slack et al., 1987) and therefore quickly rose to prominence as a model 
organism. Furthermore, Xenopus embryos are very easy to culture in a simple, chemically 
defined solution and can reach sexual maturity after only four months (X. tropicalis). In recent 
years another species of Xenopus, Xenopus tropicalis (Figure 1.5b), has entered the domain of 
models for development because unlike its close relative, X. laevis which is allotetraploid, has a 
diploid genome which is fully sequenced (Hellsten et al., 2010). This presents an advantage for 
using X. tropicalis in dissecting developmental genetics, investigating the conservation of genes 
and genomic structures between species and application of high throughput technologies. 
Taken together, the experimental advantages of Xenopus as a model organism can provide 
significant information to expand our understanding of development and disease (Pratt and 
Khakhalin, 2013; Schmitt et al., 2014). Figure 1.6 illustrates the life cycle of Xenopus. 
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Figure 1.5 Sexually mature Xenopus. 
(a) X. laevis, male (left) and female (right). (b) X. tropicalis, male (left) and female (right).  
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Figure 1.6 Life cycle of Xenopus. 
Schematic of the developmental stages of Xenopus which includes the process of cleavage, 
gastrulation, neurulation and organogenesis. The next major process is metamorphosis which 
marks the end of embryogenesis and beginning stages of development to a sexually mature 
adult.  
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1.4.1. Early development of Xenopus 
The unfertilized Xenopus egg is enclosed in a vitelline membrane, which is embedded in a 
gelatinous coat, and it already possesses a distinct polarity which influences the pattern of 
cleavage and are related to the animal-vegetal axis. The uppermost pigmented portion of the 
egg is the animal pole where the nucleus is closely located, while the opposite end is the vegetal 
pole, which contains most of the yolk proteins. The symmetry of the animal-vegetal pole is 
disrupted when the egg is fertilized. Upon fertilization, a series of events lead to the 
establishment of the dorso-ventral axis where the dorsal side is opposite the sperm entry site. 
This is due to the process of cortical rotation where within approximately 40 minutes after 
fertilization the plasma membrane and a layer of actin filaments and gelatinous material located 
just beneath the membrane called the cortex, rotates 30° relative to the cytoplasm which 
remains stationary (Figure 1.7a). This results in a shift of the vegetal cortex toward the dorsal 
region just below the equator and the formation of the key signalling centre of the embryo first 
discovered by Pieter Nieuwkoop and later named after him. The Nieuwkoop center sets the 
initial dorso-ventral polarity. Following cortical rotation the maternal protein β-catenin which is 
marked for degradation by glycogen synthase kinase-3 (GSK-3) in the ventral region localises 
and accumulates on the dorsal side via microtubules and enters into nearby nuclei leading to 
activation of dorsal genes such as siamois. The inhibition of β-catenin degradation is associated 
with the Wnt signalling pathway where the intracellular proteins interact with the protein axin 
which prevents GSK-3 from binding and degrading β-catenin. 
 
The first cleavage passes through the sperm entry point and through the Nieuwkoop center and 
the second cleavage divides the egg into ventral and dorsal halves. The destruction of one of 
the cells following the first cleavage will result in a half-embryo forming since the axis had 
already been determined previously by the Nieuwkoop center (Nieuwkoop, 1977). The third 
cleavage is equatorial and results in eight blastomeres; four animal cells and four larger vegetal 
cells. Subsequent divisions produce progressively smaller cells and a fluid-filled cavity known as 
the blastocoel, develops in the animal region of the spherical mass of cells which has divided 
approximately twelve times is now known as the blastula. This stage is also known as the mid-
blastula transition (MBT) which is marked by lengthening of the cell cycle, asynchronous cell 
divisions, activation of zygotic genes and differential expression of paternal genes (Newport and 
Kirschner, 1982a, 1982b). At this stage the ectodermal, mesodermal and endodermal germ 
layers which give rise to internal structures are situated one on top of each other on the animal, 
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marginal and vegetal regions of the embryo and will become internalized through the process 
of gastrulation. 
 
1.4.2. Gastrulation and patterning the early Xenopus embryo 
Gastrulation involves dramatic reorganisation of the embryo where the germ layers which give 
rise to the various tissues are positioned correctly relative to the overall body plan. These 
movements are initiated by the blastopore located at the dorsal region which is where the 
endoderm and the mesoderm internalize and then converge and extend along the antero-
posterior axis beneath the ectoderm (Figure 1.7b).  
  
The diversification of the germ layers requires localised maternal factors and cell-cell signalling. 
One of these maternal factors is VegT which is translated from maternal mRNA and localised in 
the vegetal region of the egg. It is required for activation of mesoderm-inducing factors such as 
Xnr5 and Wnt8 via members of the transforming growth factor beta (TGFβ) superfamily of 
signalling proteins (Heasman, 2006) (Figure 1.8). Other TGFβ signalling proteins also required 
for the specification and patterning of the germ layers as well as for gastrulation in the early 
Xenopus embryo include Vg1 and activin (Hill, 2001). These signalling proteins initiate several 
signal transduction events involving the phosphorylation of Smad2 which then co-activates 
many transcription factors essential for early embryonic patterning. Vg1 and activin also 
activates TGFβ-activated kinase 1 (TAK1) which in turn activates another transcription factor, 
signal transducer and activator of transcription (STAT3). VegT is also associated with Vg-1 in 
activating the expression of nodal-related (Xnr) zygotic genes and activin, and the presence of β-
catenin on the dorsal side increases the level of nodal-related gene expression which specifies 
the Nieuwkoop center and, consequently, the Spemann organizer, on the dorsal side 
(Nieuwkoop, 1973; De Robertis et al., 2000).  
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Figure 1.7 Early events following fertilization in Xenopus. 
(a) Cross section diagrams of a Xenopus embryo undergoing cortical rotation after fertilization 
leading to establishment of the dorso-ventral axis. (b) Tissue movements of gastrulation. 
Gastrulation movements involve involution, which is the internalization of the endoderm and 
mesoderm at the blastopore, convergent extension of the mesoderm, and epiboly, which is the 
spreading of the ectoderm as the endoderm and mesoderm move inside. Reproduced from 
(Wolpert et al., 2002). 
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Figure 1.8 Mesoderm induction and organiser formation. 
Diagrams of cross sections of Xenopus embryos. At the late blastula stages, VegT and Vg1 are 
found in the vegetal regions, while β-catenin is located in the dorsal region. These molecules 
work synergistically to activate Nodal-related (Xnr) genes and activin. A morphogenic gradient 
establishes the different mesodermal regions; regions with little or no Xnr protein have high 
levels of BMP4 and Xwnt8 and become ventral mesoderm, intermediate concentrations of Xnrs 
produce lateral mesoderm and the region with the highest Xnr concentrations becomes the 
organizer where the gsc gene and other dorsal mesoderm genes are activated. These different 
mesodermal regions have different cellular fates. Adapted from (Gurdon and Bourillot, 2001). 
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During gastrulation the mesoderm partitions into zones depending on its location with the 
notochord and somite regions forming closer to the organiser while the kidney and blood 
islands form further from the organiser region. Also during gastrulation the ectoderm is induced 
to become either neural tissue or epithelium. A number of factors are required for mesoderm 
patterning and neuralization in the gastrula embryo and many emanate from the organizer 
region and inhibit the action of bone morphogenetic factor proteins (BMPs) which is produced 
in all parts of the embryo except for the dorsal region where there is a high level of β-catenin. 
Among these dorsalizing factors are chordin, noggin and follistatin which bind directly to and 
inhibit BMP activity thus creating a gradient of BMP activity from ventral to dorsal. The ventral 
marker genes vent1 and vent2 are activated at high BMP and low BMP, respectively, with both 
genes being expressed in regions which will become the lateral plate. Wnt inhibition is also a 
feature of the dorsalization process with the wnt8 gene becoming activated in the ventral 
region of the mesoderm and the Wnt pathway having a ventralizing effect. 
An important signal during the early stages of gastrulation is fibroblast growth factor (FGF) 
signalling which is implicated in multiple cellular events including the specification and 
maintenance of dorsal mesoderm and patterning of the embryonic axis. FGF signalling is 
required for the formation of the axial mesoderm (which forms notochord) and paraxial 
mesoderm (which gives rise to the skeleton, skeletal muscle and dermis), which are the two 
main mesodermal cell types responsible for orchestrating movements of gastrulation (Dorey 
and Amaya, 2010). FGF activates the expression of the T-box transcription factor brachyury 
(Xbra), which in turn activates FGF (as well as genes of the myogenic pathway) thus establishing 
a closed circuit of gene activations to amplify the signal for mesoderm induction. In addition, 
Xbra causes convergent extension movements by activating the expression of zygotic Wnt11 
and therefore activating the Wnt11 dishevelled-dependent pathway, also known as the non-
canonical Wnt pathway (Heasman, 2006).  
 
1.5. Aims 
Although there is growing concern over the impact of sperm cryopreservation on paternal 
genome integrity, little is known of the extent of such damage and subsequent reproductive 
outcome. Furthermore, the embryological consequences of such damage are poorly defined in 
many of the organisms where cryopreservation is commonly used. There is therefore huge 
scope to investigating in vivo, as well as in vitro, the effects of cryo-induced DNA damage in 
Xenopus spermatozoa, where embryonic development is well characterised and understood. 
The research described here aims to demonstrate the adverse effects of sperm 
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cryopreservation on Xenopus development. Within the context of amphibian conservation and 
the preservation of genetically valuable gametes of transgenic lines, Xenopus as a model 
organism delivers the potential to analyse the genetic basis and molecular mechanisms which 
may be disrupted as a result of cryo-induced sperm DNA damage. This provides an invaluable 
advantage to improving current sperm cryopreservation protocols since it can act as a further 
measurement of their effectiveness in addition to classical sperm assays. 
 
1.5.1. Specific aims 
1. Investigate the presence of cryo-induced damage using standard assays in X. laevis and 
X. tropicalis. 
2. Assess the dynamics of DNA damage and membrane integrity in both species. 
3. Identify potential DNA ‘hotspots’ which are more susceptible to cryo-induced DNA 
damage using a DNA-repair inhibitor and a candidate gene approach.  
4. Use high-throughput analysis to identify more genes affected by sperm 
cryopreservation.  
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CHAPTER 2: Materials and Methods 
 
2.1 Suppliers 
All chemicals and reagents were obtained from the following companies: Sigma Aldrich, BioRad, 
Roche, New England Biolabs (NEB), Invitrogen, Fisher Scientific, Qiagen, Greiner, GE Healthcare, 
Promega and Halotech, unless otherwise stated. 
 
2.2 Solutions  
 
Alkaline Phosphatase (AP) Buffer: 0.1 M Tris-HCl (pH 9), 50 mM MgCl2, 0.1 M NaCl, 0.1 % 
Tween-20 
 
Ampicillin: 50 mg/mL stock, stored at -20°C. 
 
Ammonium persulphate (APS): 10 % w/v stock, stored at -20°C. 
 
Bleaching solution: 5 % formamide, 0.5 × SSC and 10 % v/v H2O2 added last. 
 
Blocking solution (in situ): 0.1 M Maleic acid pH 7.5, 0.1 M NaCl and 2 % blocking reagent 
(Roche). 
 
Cryoprotective solution: 0.4 M sucrose, 10 mM NaHCO3, 2 mM pentoxyfylline and 20 % v/v 
equal volume chicken egg yolk and dH2O (see section 2.3.2). 
 
DAB stain: Dissolve 1 DAB tablet and 1 metal concentrate tablet (Sigma) in 10 mL dH2O. 
 
Denhardt’s solution: 0.02 % w/v BSA, 2 % w/v PVP-20 and 2 % w/v Ficoll 400. 
 
DNA Polymerase reaction buffer: 10 mM Tris-HCl, 5 mM MgCl2, 7.5 mM DTT, pH 7.5 
 
DTT: 1 M stock, stored at -20 °C. 
 
Embryo extraction buffer (EEB): 10 mM HEPES pH 8.5, 2 mM MgCl2, 1 mM DTT and 75 mM 
NaCl. 
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Ethidium bromide: 10 mg/mL stock, stored in the dark. 
 
Hybridisation mix (in situ): 50 % v/v formamide, 5 × SSC, 1 mg/mL tRNA (from E. coli. Strain 
MRE 600, Roche), 100 µg/mL heparin, 1 × Denhardt’s solution, 0.1 % v/v Tween-20 and 5 mM 
EDTA. 
 
LB agar (Miller): Dissolve 40 g of agar in 1 L of dH2O. 
 
LB broth (Miller): Dissolve 20 g of broth in 1 L of dH2O. 
 
Maleic acid buffer (MAB): 100 mM maleic acid and 150 mM NaCl, adjust to pH 7.5. 
 
MEMFA: 0.1 M MOPS pH 7.4, 2mM EGTA, 1 mM MgSO4 and 3.7 % formaldehyde. 
 
Modified Barth’s saline (MBS) (10 X): 88 mM NaCl, 1 mM KCL, 2.4 mM NaHCO3, 0.82 mM 
MgSO4.7H2O, 0.33 mM Ca(NO3)2.2H2O, 0.41 mM CaCl2.6H2O and 10 mM HEPES. Adjust to pH 7.6 
with 1 M NaOH. 
 
MOPS electrophoresis buffer (10 X): 0.2 M MOPS pH 7.0, 20 mM NaAc and 10 mM EDTA pH 
8.0. Filter sterilised and protected from light. 
 
Murray’s clear: 1 volume Benzyl alcohol and 2 volumes Benzyl benzoate. 
 
NETS buffer: 300 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl (pH 7.6) and 1 % SDS. 
 
Orange G loading buffer (6 X): 0.25 % w/v Orange G and 15 % Ficoll (type 400) made up in 
nuclease-free H2O. 
 
Phosphate buffered saline (PBS): 1 tablet (Sigma) dissolved in 200 mL dH2O, producing: 10 mM 
phosphate buffer, 2.7 mM KCl and 137 mM NaCl, pH 7.4 at 25 °C. 
 
PBSTw: 1 × PBS and 0.1 % v/v Tween-20. 
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PBT: 0.1 % v/v Triton and 2 mg/ml BSA in 1 × PBS. 
 
Protein destain: 10 % v/v Acetic acid and 10 % v/v Methanol. 
 
Protein stain: 10 % Acetic acid, 50 % v/v Methanol and 1 g/L Coomassie brilliant blue R-250. 
 
SDS-PAGE running buffer (10 X): 0.25 M Tris, 1 % SDS and 1.92 M Glycine, adjust to pH 8.3. 
 
SDS-PAGE loading dye (3 X): 0.36 M Tris-HCL pH 6.8, 9 % SDS. 15 % v/v Glycerol, 15 % v/v β-
mercaptoethanol and 0.2 w/v Bromophenol blue.  
 
Sodium saline citrate (SSC) (20 X): 3 M NaCl and 0.3 M sodium citrate. 
 
TBE (10 X): 890 Mm Tris-borate pH 8.3 and 20 mM Na2EDTA. 
 
TBSTw (10 X): 100 mM Tris-HCl pH 8.0, 1.5 M NaCl and 0.5 % v/v Tween-20. 
 
Western blocking solution: 5 % w/v Marvel dissolved in 1 × TBSTw. 
 
Western solution I: 1.1 mM Luminol, 0.9 mM p-Coumaric acid, 100 mM Tris-HCl pH 8.0 made 
up in dH2O. 
 
Western solution II: 0.06 % v/v hydrogen peroxide and 100 mM Tris-HCl pH 8.0 made up in 
dH2O. 
 
Western transfer buffer: 20 mM Tris, 150 mM Glycine and 20 % v/v Methanol. 
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2.3 Sperm analysis techniques 
 
2.3.1 Animals and sperm recovery  
All of the experiments described were performed under the appropriate national legislation. 
Xenopus were maintained in a recirculating aquarium system (Tecniplast, London, England, UK) 
and fed at least once daily with high protein trout pellets; X. laevis were maintained at 18 °C and 
X. tropicalis at 25 °C. Four male X. tropicalis and four male X. laevis sourced from the EXRC were 
euthanized by terminal anaesthesia in ethyl-m-aminobenzoate (Sigma Aldrich, Dorset, England, 
UK) followed by destruction of the brain. Testes were removed and placed in 1.0 X Modified 
Barth’s Saline (MBS) (Gurdon 1977). To obtain fresh sperm samples from a X. tropicalis male a 
single testis was macerated in 250 µl of 0.1 X MBS and diluted with an equal volume of either 
0.1 X MBS or dH20 (Sigma Aldrich, Dorset, England, UK) for non-activated or activated samples, 
respectively, to a final concentration of approximately 1 x 107 spermatozoa ml-1.  To obtain fresh 
sperm samples from a X. laevis male a quarter of a testis was used in the same way but was 
diluted with 0.1 X MBS or 1.0 X MBS for non-activated or activated samples, respectively.  
 
2.3.2 Cryoprotective solution  
Cryoprotective solution was made by firstly dispersing one chicken egg yolk (about 15 ml) in an 
equal volume of dH2O and then diluting to 20 % v/v in solution containing 0.4 M sucrose, 10 
mM NaHCO3 and 2 mM pentoxyfylline. Aliquots of cryoprotective solution were then 
centrifuged for 20 minutes at 10000 g in an Eppendorf 5810R centrifuge with an F-34-6-38 rotor 
at 10ᵒC. The pellets were discarded and the supernatants were divided into 500 µl aliquots then 
frozen and stored at -20 ᵒC (Adapted from the Harland Laboratory, 
http://tropicalis.berkeley.edu/home/obtaining_embryos/sperm-freezing/sperm-freeze.html).  
 
2.3.3 Sperm freezing and thawing 
A single X. tropicalis testis or approximately a quarter of a X. laevis testis was transferred to an 
Eppendorf tube in 0.5 ml Leibovitz-15 (L-15) medium (Sigma-Aldrich, Dorset, England) 
supplemented with 10 % calf serum (Sigma-Aldrich, Dorset, England) and 2 mM L-glutamine, 
and then dissociated by gentle application of an Eppendorf pestle. Ice cold cryoprotective 
solution was added to ice cold sperm macerates in a 1:1 ratio, gently mixed and 250 µl samples 
were pipetted into 0.5 ml thin-walled polypropylene Eppendorf tubes (Fisher Scientific, 
Leicestershire, UK). These were placed into a polystyrene box covered with aluminium foil and 
placed directly into the -80ᵒC freezer for at least 24 hours. After a minimum of 24 hours sperm 
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samples were removed from the -80 ᵒC freezer and held in the hand to defrost. X. tropicalis 
samples were activated with 250 µl sterile nuclease-free water and X. laevis samples were 
activated with 250 µl of 0.1 X MBS prior to analysis (Adapted from the Harland Laboratory, 
http://tropicalis.berkeley.edu/home/obtaining_embryos/sperm-freezing/sperm-freeze.html). 
 
2.3.4 Plasma membrane integrity 
Sperm plasma membrane integrity was assessed using acridine orange and propidium iodide 
(Yániz et al. 2013). Each sample was diluted to 1.6 x 106 cells/ml; an 8 µl aliquot was pipetted 
onto the surface of a glass slide and mixed with 1 µl of acridine orange (Sigma Aldrich, Madrid, 
Spain) and propidium iodide (Sigma Aldrich, Madrid, Spain) each at a stock concentration of 1 
mg/ml. Acridine orange, which has an emission maximum of 525 nm (green) when bound to 
DNA, permeates all sperm cells. However this is displaced by propidium iodide in spermatozoa 
with damaged plasma membranes, which then fluoresce red (emission maximum 617 nm). A 
total of 300 spermatozoa were manually counted per sample using a Leica DMRB 
epifluorescence microscope (Leica Microsystems, Barcelona, Spain) equipped with single-band 
fluorescence block filters for green (FITC equivalent) and red (Cy3 equivalent) fluorescence. The 
proportion of spermatozoa stained green was then calculated.  
 
2.3.5 Sperm chromatin dispersion (SCD) test 
The Halomax® kit (Halotech SL, Madrid, Spain) adapted for Xenopus was used with the following 
protocol. Molten 50 µl aliquots of low melting point agarose maintained at 35 ˚C were mixed 
with 20 µl portions of sperm suspension. Aliquots of 10 µl of the sperm-agarose mixture were 
then pipetted onto the surface of a pre-treated glass slide (provided in the Sperm-Halomax® kit) 
and covered with a glass coverslip (18 x 18 mm). A gentle pressure was applied to the coverslip 
to ensure formation of a thin, even microgel. The slides were then placed onto a pre-chilled (4 
˚C) metallic tray and placed in the refrigerator at 4 ˚C for at least 5 minutes. The slides were 
then taken out of the refrigerator, the cover slips removed and the slides were then placed 
horizontally into a bath of lysing solution provided in the Sperm-Halomax® kit for 5 min to lyse 
the sperm cells and deproteinise the DNA. The slides were then removed from the lysis solution 
and placed in a bath of dH2O for 5 min followed by subsequent washes in 70% and 100 % 
ethanol for 2 minutes each to dehydrate the microgels. The slides were then finally left to air-
dry. Equal parts SYBR® Green (Sigma) and VectaShield® mounting medium (Vector Laboratories) 
were added to the slides, which were visualised using fluorescent microscopy. A total of 300 
spermatozoa were counted per sample using a Leica DMRB epifluorescence microscope (Leica 
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Microsystems) equipped with single-band fluorescence block filters for green (FITC equivalent) 
and red (Cy3 equivalent) fluorescence. The proportion of spermatozoa showing DNA 
fragmentation was calculated. 
 
2.3.6 In situ nick translation (ISNT) 
Spermatozoa were diluted to 1 x 107 cells/mL and embedded into an agarose microgel on a pre-
treated slide as described above for the SCD test using slides and lysis solution from the Sperm-
Halomax® kit. Once the slides had been dehydrated in the ethanol series and dried, they were 
washed in phosphate buffered saline (PBS) for 5 minutes and then incubated in DNA –
polymerase reaction buffer for 10 minutes. 100 µl of reaction buffer containing 25 units of DNA-
polymerase I Large (Klenow) Fragment (InvitrogenTM), and 20 µM of each nucleotide, including 
biotin-16-dUTP, was pipetted onto the slide, covered with a plastic cover slip and incubated in a 
moist chamber for 30 minutes at 37 ᵒC. As a negative control, the same procedure was 
repeated on another microgel containing spermatozoa from the same male but without the 
DNA-polymerase I. The slides were then washed three times for 5 minutes each and then 
dehydrated in sequential 70 %, 90 % and 100 % ethanol baths and air-dried. To detect the 
incorporation of biotin-16-dUTP, slides were incubated with streptavidin Alexa Fluor® 488 
conjugate (Life Technologies), diluted 1:500, for 30 minutes and then washed off three times in 
PBS to remove excess streptavidin Alexa 488. Slides were then counterstained with propidium 
iodide (2 µg/ml). Fluorescence images were captured using a Zeiss Axiomager ZI fluorescence 
microscope equipped with a Hamamatsu digital camera (C4742-95) with single-band 
fluorescence block filters for green (FITC equivalent) and red (Cy3 equivalent) to detect 
fluorescence. Areas of interest were captured using Velocity 4 software (Improvision) 
(PerkinElmer). 
 
2.3.7 Experimental design 
Analyses of sperm plasma membrane integrity and DNA fragmentation were carried out within 
two minutes after sperm collection, using activated and non-activated sperm samples from 
each male (T0). Analyses were repeated and after 4 hours (T4) and 24 hours (T24) incubation at 
room temperature. This approach of assessing DNA damage over time to create a ‘profile’ 
indicative of DNA stability, is advantageous as it can reveal damage which is cryptic and/or 
occurring at levels not easily detectable at the time the sperm is extracted or thawed (Gosálvez 
et al. 2009; Gosálvez et al. 2011). Thus, more reliable comparisons between individuals or 
groups can be drawn and this approach was adopted throughout this study. From each male a 
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separate portion of testis was cryopreserved (see section 2.3.3) and the same analyses were 
carried out. 
2.3.8 Statistical analysis of the effects of freezing and activation 
Statistical analysis was carried out using STATISTICA for Windows (Statsoft). Effects were 
examined using analysis of variance (ANOVA) and specific contrasts were examined within the 
ANOVA using orthogonal polynomial coefficients. Where data did not exhibit normal 
distributions, the non-parametric Kruskal-Wallis test was used for statistical analysis. 
Relationships between sperm viability, DNA fragmentation and sperm freezing were examined 
using analysis of covariance (ANCOVA; vassarstats.net). 
 
2.4 Molecular Biology Techniques 
 
2.4.1 Agarose Gel Electrophoresis 
Agarose solutions of 1-2 % (w/v) were prepared in 1 X TBE buffer. The agarose powder in 1 X 
TBE was dissolved by heating the solution in a microwave with gentle shaking every 30 seconds. 
Once the gel was cool enough to touch, ethidium bromide was added to the final concentration 
of 0.5 µg/ml. Whilst the gel was cooling, the gel sledge was sealed at both ends with a double 
layer of masking tape and the comb was inserted. The gel was poured and allowed to solidify at 
room temperature. The tank was filled with 1 X TBE. 2 µl of 6 X Orange G loading buffer was 
added to each sample, which was loaded into each well. Each gel also separated a 1 kb Plus DNA 
Ladder (Invitrogen) or Hyperladder II (Bioline). Gels were run between 80 V and 120 V until the 
Orange G was approximately 2/3 of the way down. The samples were visualised on a GBox 
transilluminator sytem (SynGene) and images captured with GeneSnap software (SynGene). 
 
2.4.2 Reverse Transcription using SuperScript III 
To synthesise cDNA from purified mRNA, a reverse transcription reaction was prepared 
containing 2 µl of 100 µM random hexamer primers (Roche), 5 µl of RNA (1 ng-5 µg), 4 µl of 2 
mM dNTP mix (NEB), 2 µl of 10 × first strand buffer, 1 µl of 0.1 M DTT, 0.5 µl of RNasin® 
ribonuclease inhibitor (Promega) and 0.25 µl of Superscript III reverse transcriptase (Invitrogen) 
and made up to 20 µl with nuclease-free water (Sigma). Reactions were incubated at 55 °C for 
45 minutes. This cDNA was either used immediately or stored at -20 °C for future use. 
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2.4.3 Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 
RT-PCR was used for the amplification of Fgf8 and Tbx6 DNA sequences from X. tropicalis cDNA 
for subsequent analysis of mRNA expression. Specific primers used for the amplification of Fgf8, 
Tbx6 and ODC DNA fragments are listed in appendix I. 
PCR reactions were set up in 0.2 ml tubes containing 2 µl of cDNA, 1 µM forward/reverse 
primer, 12.5 µl Platinum Hifi Supermix (Invitrogen) and nuclease-free water up to 25µl. The 
tubes were placed into a DNA Engine DYADTM PCR machine (MJ Research) and the following 
program was run:  Denature at 94 °C for 2 minutes followed by 35 cycles of denaturing at 94 °C 
for 30 seconds, annealing at 59.9 °C for 30 seconds and extension at 72 °C for 30 seconds for 
Fgf8. For Tbx6, denature at 94 °C for 2 minutes followed by 32 cycles of denaturing at 94 °C for 
30 seconds, annealing at 61 °C for 30 seconds and extension at 72 °C for 30 seconds. For ODC, 
denature at 94 °C for 2 minutes followed by 31 cycles of denaturing at 94 °C for 30 seconds, 
annealing at 55 °C for 30 seconds and extension at 72 °C for 30 seconds. PCR products were 
analysed on a 2 % w/v agarose gel (see section 2.4.1) to ensure correct amplification. 
 
2.4.4 Transformation of DNA into Chemically Competent E. coli 
To transform plasmid DNA into chemically competent DH5α E. coli cells, a 500 µl aliquot of 
DH5α E. coli was defrosted on ice and 100 µl was transferred to a fresh microcentrifuge on ice, 
to which 0.5 µl of plasmid DNA was added. The tube was then incubated on ice for 20 minutes, 
heat shocked at 42 °C for 50 seconds and returned to ice for a further 2 minutes. Next, 900 µl of 
cold (4 °C) LB medium was added to the tube and incubated at 37 °C for approximately 1 hour. 
After this incubation, 100 µl of the suspension was plated onto LB agar containing the 
appropriate antibiotic and incubated overnight at 37 °C. 
 
2.4.5 Plasmid Purification 
To purify plasmid DNA from bacterial cultures, depending on the yield required, either a 
NucleoSpin Plasmid QuickPure kit (average yield - 15µg) or a NucleoBond Plasmid Midi kit 
(average yield – 250 µg) were used. Plasmids were purified according to the manufacturer’s 
(Macherey-Nagel) instructions. 
 
2.4.6 Phenol/Chloroform Extraction 
An equal volume (typically 400 µl) of phenol was added to the sample and vortexed for 20 
seconds and centrifuged for 5 minutes at 16000 g. The top aqueous phase was then added to 
an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1), vortexed for 30 seconds and 
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centrifuged at 16000 g for 5 minutes, after which the top aqueous phase was transferred to a 
clean 1.5ml tube. The nucleic acid was then precipitated using ethanol (see section 2.4.7). 
 
2.4.7 Ethanol Precipitation of DNA/RNA 
To precipitate nucleic acids, 2 volumes of absolute ethanol and 0.1 volumes of 3 M sodium 
acetate were added to the sample, which was mixed and incubated at -70 °C for 30 minutes, or 
at -20 °C overnight. The sample was then centrifuged for 15 minutes at 16000 g using a bench-
top microcentrifuge (Eppendorf) at 4 °C. The supernatant was carefully removed and the pellet 
was allowed to dry at room temperature before being resuspended in an appropriate amount 
of nuclease-free water. 
 
2.4.8 Preparation of DNA and RNA for in vitro Transcription 
For efficient transcription to take place, the plasmid containing the sequence to be transcribed 
was linearised to prevent the RNA polymerase transcribing the plasmid backbone DNA. 10 µg of 
plasmid was incubated with the appropriate restriction enzyme, the correct buffer and, if 
required, supplemented with 100 µg/ml BSA in a 50 µl reaction according to the manufacturer’s 
(NEB) instructions. The linearized template was purified by phenol/chloroform extraction (see 
section 2.4.6) and ethanol precipitation (see section 2.4.7), resuspended in 10 µl of nuclease 
free water and stored at -20 °C.  
 
2.4.9 DNase1 treatment of RNA samples 
To remove DNA from extracted RNA samples, 12 µl of DNaseI buffer (NEB), 2 µl of DNaseI (NEB) 
and 1.5 µl of RNasin® ribonuclease inhibitor (Promega) was added to 50 µl of RNA sample. 
Samples were then incubated at 37 °C for 30 minutes after which a further 2 µl of DNaseI was 
added followed by a further 30 minutes at 37 °C. 
 
2.4.10 Transcription of DIG-Labelled RNA Probes 
The template cDNA was first prepared for in vitro transcription (see section 2.4.8). To synthesise 
the RNA probe, a reaction was set up at room temperature containing 1 µl of 1 µg/µl linearised 
DNA template, 2 µl 10 X transcription buffer, 2 µl 10x DIG-11-UTP labelling mix (Roche), 0.5 µl 
RNasin® ribonuclease inhibitor (Invitrogen), 2 µl T3/T7/SP6 RNA polymerase, 2 µl 0.1M DTT and 
10.5 µl nuclease-free water. This reaction was incubated at 37 °C for 2 hours, after which, a 1 µl 
sample was taken to run on an agarose gel to check that the transcript had been synthesised. 
To remove the cDNA template, 3 µl of RNase-free DNaseI was added to the reaction and the 
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solution was incubated for a further 30 minutes at 37 °C. To purify the probe, the reaction was 
centrifuged through an illustra MicroSpin G-50 column (GE Healthcare). A 2 µl aliquot was run 
on an agarose gel to check the integrity of the riboprobe and the concentration was estimated 
using a small volume spectrophotometer. An appropriate volume of prehybridisation buffer for 
in situ hybridisation was added to constitute the DIG RNA probe to a final concentration of 200 
ng/ml to 1 µg/ml. The probe was then stored at -20 °C.  
 
2.4.11 In vitro Transcription of linearised plasmid DNA (preparation of synthetic RNA)  
To transcribe the template DNA, 5 µl of linearised template (5 µg) was mixed with 5 µl 10 X 
transcription buffer, 2.5 µl GTP cap analog (New England Bioloabs), 1.25 µl 100mM ATP, 1.25 µl 
100mM CTP, 1.25 µl 100mM UTP, 0.25 µl 100mM GTP, 2.5 µl 2 mg/ml BSA, 5 µl 100 mM DTT, 
0.5 µl RNasin® ribonuclease inhibitor (Invitrogen), 2 µl (20 units) of the appropriate RNA 
polymerase (Roche), and filled to 50 µl with nuclease-free water. The reaction was mixed, 
centrifuged briefly and incubated at 37 °C for 2 hours. A 2 µl aliquot was run on an agarose gel 
to check that the mRNA had been synthesised. To remove the template DNA, 3 µl RNase-free 
DNaseI was added and the reaction was incubated for a further 20 minutes at 37 °C. To purify 
the transcript, the reaction was purified through an illustra MicroSpin G-25 column (GE 
Healthcare). The concentration was estimated using a small volume spectrophotometer and the 
mRNA was then stored at -70 °C in small aliquots.   
 
2.4.12 Embryonic mRNA isolation 
Ten X. tropicalis embryos were homogenised in 400 µl of NETS and an equal volume of phenol 
was added to remove the proteins. After vortexing the mixture for 30 seconds, samples were 
centrifuged for 2 minutes and the upper aqueous phase was transferred into a fresh tube. The 
procedure was repeated using phenol/chloroform and finally chloroform alone (Sigma) to 
remove traces of phenol. The RNA and DNA were then precipitated by adding 1 ml of ethanol. 
Samples were stored at -20 °C until required. Samples were then centrifuged for 10 minutes at 
16000 g and the pellet was resuspended in 48 µl of 1 X buffer M (Roche) and 2 µl of RNase free 
DNaseI to remove genomic DNA from template. After a 30 minute incubation at 37 °C, 150 µl of 
water was added and samples were phenol/chloroform extracted again and finally the 
remaining RNA was precipitated by addition of 20 µl 3 M NaAc and 500 µl ethanol. Samples 
were stored at -80 °C until required. 
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2.5 Biochemical techniques 
 
2.5.1 Protein extraction  
To extract proteins from X. tropicalis embryos, 8 embryos were homogenised in 100 µl EEB and 
the yolk proteins removed by adding an equal volume of 1,1,2-trichlorotrifluoroethane (Freon, 
Sigma), vortexing the mixture and centrifuging at 16000 g for 3 minutes. The yolk protein-
depleted upper phase was then transferred into a fresh Eppendorf tube and 50 µl of 3 X loading 
dye was added. After heating the samples at 95 °C for 5 minutes to denature the proteins, they 
were loaded onto an acrylamide gel and analysed by electrophoresis. 
 
2.5.2 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
To make an SDS-PAGE gel, the glass gel plates, rubber gasket, and comb were first cleaned with 
70 % v/v EtOH and dH2O, and assembled, ensuring that the gasket sealed the edges of the 
plates to prevent leakage of the acrylamide solution. The components of the gels were first 
mixed to together. A 15 % resolving gel was made by mixing 5 ml of 30 % acrylamide stock 
solution (National Diagnostics), 2.5 ml of resolving buffer and 2.5 ml of dH2O. The liquid gel was 
polymerised by adding 100 µl APS and 10 µl of TEMED. The solution was then poured between 
the plates to approximately ¾ of the volume. To ensure an even interface between the resolving 
and stacking gel, the liquid was overlaid with 0.5 ml isopropanol. Once the resolving gel had set, 
the isopropanol was thoroughly washed off with dH2O. A 4 % stacking gel was made by mixing 
0.65 ml of 30 % acrylamide stock solution, 1.25 ml of stacking buffer and 3 ml of dH2O. The 
liquid gel was polymerised by adding 25 µl APS and 5 µl TEMED. Finally the comb was inserted 
fully into the top of the gel. Once the stacking gel had set, the gasket was removed from the gel 
plates and the gel was placed into the tank. The upper and lower reservoirs were filled with 1 X 
SDS-PAGE running buffer (National Diagnostics), and the comb was finally removed. 20 µl of 
each protein sample (already containing loading dye) was loaded on loaded on the gel, along 
with the 5 µl of SeeBlue® Plus2 pre-stained standard (Invitrogen) protein ladder. The gel was 
run at 60 V, after which the gel was run at 140 V until the bromophenol blue dye reached the 
bottom of the gel. Following electrophoresis, the gel was carefully removed from the glass 
plates and transferred to membrane to process for Western Blotting.   
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2.5.3 Western blotting 
To prepare for Western blotting, four pieces of 3MM paper and a piece of nitrocellulose 
membrane were cut to roughly the same size as the gel. These were pre-soaked along with two 
fibre pads in Western transfer buffer. 
 
Following protein separation by SDS-PAGE, the gel was carefully dipped into Western transfer 
buffer. One of the fibre pads was placed on one side of the gel holder followed by two pieces of 
3MM paper. The gel was then placed on top of the two pieces of 3MM paper and smoothed 
using a little Western transfer buffer. The nitrocellulose membrane was carefully placed over 
the gel, avoiding the formation of any air bubbles, and the other two pieces of 3MM paper was 
placed on top of the nitrocellulose membrane. Finally, the second fibre pad was placed on top 
and the gel holder was closed. The gel holder was inserted into the transfer tank with the 
membrane towards the cathode and the tank was filled Western transfer buffer. The proteins 
were transferred on the nitrocellulose membrane at 300 mA for two-three hours. 
 
Next, the membrane was blocked in 20 ml of blocking solution overnight at 4 °C with gentle 
agitation. The blocking solution was replaced with 20 ml of fresh blocking solution containing 
the required dilution of primary antibody (see figure 5.5 for dilutions). The membrane was then 
incubated at room temperature for 2 hours with gentle agitation. The primary antibody solution 
was removed and the membrane washed 4 X 15 minutes with 20 ml of blocking solution. 
Following the final wash, 20 ml of blocking solution containing the required dilution of 
secondary antibody was added to the membrane and incubated for 1 hour at room 
temperature with gentle agitation. The secondary antibody was removed and replaced 4 X 15 
minute washes in 20 ml blocking solution. The final wash was replaced with two, 5 minute 
washes in TBST and finally several washes in 1 X PBS. Western solutions I and II were mixed 
together and poured on the membrane. Following 30 seconds of gentle agitation the 
membrane was left to stand for 30 seconds. The chemiluminescence from the blot was 
captured using a FujiFilm LAS-3000.  
 
2.6 Embryological techniques 
 
Where required all procedures were carried out by appropriately trained and licensed staff in 
accordance with Home Office regulations regarding the use of animals in scientific research. 
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2.6.1 In vitro Fertlization and preparation of Xenopus tropicalis embryos 
Unfertilized Xenopus tropicalis eggs were obtained by injecting the dorsal lymph sac of a female 
with 100-150 units (dependant on the size of the frog) of human chorionic gonadotrophin 
(Intervet) 16 hours prior to egg collection in order to induce ovulation. The female was kept at 
25 °C overnight. Male frogs were sacrificed as described in section 2.3.1 and testes were 
dissected out (Figure 2.1a,b). Fresh and frozen sperm samples were derived from different 
males since fresh X. tropicalis testes do not keep at 4 °C until the time frozen samples from the 
same male can be thawed and ready to fertilize eggs from a single female. To obtain fresh 
sperm samples from a X. tropicalis male a single testis was macerated in 0.5 ml Leibovitz-15 (L-
15) medium supplemented with 10 % calf serum and 2 mM L-glutamine, and then dissociated 
by gentle application of an Eppendorf pestle. Ice cold cryoprotective solution was added to ice 
cold sperm macerates in a 1:1 ration, gently mixed and 250 µl samples were pipetted into 0.5 
ml thin-walled polypropylene Eppendorf tubes. Cryopreserved samples (see section) from a 
different X. tropicalis male were thawed by hand. To activate the spermatozoa, 250 µl of dH2O 
was added to each sample and were gently mixed by pipetting up and down. This gave a final 
volume of 500 µl and an approximate concentration of 25 × 105 cells/ml, which was the same 
frozen samples. At the same time, the eggs were gently squeezed from a single female into four 
separate Petri dishes (Figure 2.1c). This gave approximately 300 eggs in each Petri dish. 
Immediately after, a single aliquot of spermatozoa was pipetted over eggs in each of the Petri 
dishes; two dishes of eggs received fresh spermatozoa while the other two received 
frozen/thawed spermatozoa (Figure 2.1d). The eggs were gently spread into a monolayer and 
left for 5 minutes to allow fertilization to occur, before being covered in 25 ml of 0.1 X MBS or 
15 mM 3-AB. After 3 hours post-fertilization, the embryos were de-jellied by gently agitating 
them in 0.1 X MBS, 2 % cysteine pH 8 (Sigma) in a 50 ml centrifuge tube (Greiner) until the 
embryos packed closely together. The cysteine was then removed by washing the embryos five 
times in 0.1 X MBS. The embryos were then placed in Petri dishes (Greiner) with 0.1 X MBS and 
the number of fertilized eggs were counted and any dead embryos were removed. Embryos 
were allowed to develop whilst being incubated between 23 °C and 25 °C. This constituted one 
biological replicate.  
 
2.6.2 Experimental design 
To analyse the effects of 3-AB, totals on fertility, embryo survival and phenotype were counted 
from each biological replicate. Embryo survival and development was assessed by visual 
inspection at stages 6, 9, 13, 28.  Embryos were staged according to the Normal Table of 
Nieuwkoop and Faber (1967). Further biological replicates were carried out for biochemical, 
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molecular and embryological analysis. The number of biological replicates assigned to each type 
of analysis is shown below, where for each spermatozoa and embryo treatment, eggs were 
derived from the same female.  
Spermatozoa Treatment Fertility, 
survival, 
phenotype 
counts 
Wholemount 
in situ 
hybridisation 
RT-
PCR 
Western 
blot 
Wholemount 
immuno-
histochemistry 
Transcriptome 
analysis 
Fresh 
 
MBS 6 2 2 1 1 - 
3-AB 6 2 2 1 1 3 
Frozen MBS 6 2 2 1 1 - 
3-AB 6 2 2 1 1 3 
 
 
2.6.3 Statistical analysis on the effects of 3-AB 
Statistical analysis was carried out using Statistica for Windows (Statsoft). Data showing the 
effects of 3-AB on fertility, embryo survival and phenotype did not exhibit normal distributions, 
therefore, specific contrasts were examined by the non-parametric Mann-Whitney U test.  
 
2.6.4 Preparation of 3-aminobenzamide 
A 15 mM solution of 3-AB was prepared; 0.102g of 3-AB (Sigma) was mixed into 50 ml of 0.1 X 
MBS in a 50 ml falcon tube. To help dissolve the 3-AB, the tube was placed into a 45 °C water 
bath for approximately 5 minutes. After gentle warming, the 3-AB solution was allowed to cool 
to room temperature and was then used immediately to incubate X. tropicalis embryos.  
 
2.6.5 Preparation of injection apparatus and injection of Xenopus embryos 
First the injection apparatus was regulated to an injection pressure of 9.8 bars and a clear 
pressure of >100 bars. Next a pre-pulled glass injection needle (Clark Electromedical GC100-10 
needle, prepared using Sutter p-97 puller) was assembled into the apparatus. When injecting 
mRNA in Xenopus tropicalis embryos, the tip of the needle was cut with forceps for calibration 
until 4 nl was injected. Next, an aliquot of the sample to inject was applied to a fresh piece of 
parafilm, the needle tip positioned within the sample and the solution drawn into the needle 
using the load function of the injector. Embryos were finally injected at the 2 cell stage at the 
equator into each cell and incubated in 3 % Ficoll, 1 X MBS.  
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Figure 2.1 Preparation for in vitro fertilization. 
(a) Ventral view of a dissection of an X. tropicalis male to remove the testes. The skin had been 
lifted anteriorly and the intestines have been moved to the side to reveal the testes located in 
the abdomen (white arrows). (b) Testes removed from the abdomen. (c) A female X. tropicalis 
being squeezed to release eggs into a Petri dish. (d) A single biological replicate in the 
experimental design of investigating the effects of 3-AB on embryos derived from cryopreserved 
spermatozoa.  
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2.6.6 Fixation of embryos 
Embryos were transferred into glass vials containing 5 ml MEMFA and fixed for 1-2 hours at 
room temperature. Two, 5 minute washes in methanol then followed. Embryos were stored in 
the final change methanol at room temperature. 
  
2.6.7 Bleaching of embryos 
Fixed embryos were rehydrated in Eppendorf tubes with sequential washes of 75 %, 50 %, 25 % 
and 0 % methanol in PBS with 5 minutes incubation at each concentration. The embryos were 
then transferred to 5 % v/v formamide in 0.5 X SSC, with 10 % v/v hydrogen peroxide added 
last. This was made immediately prior to use. Embryos were bleached on a light box for 10 – 15 
minutes, occasionally turning the tube. Bleaching solution was remove by three, five minute 
washes in PBST.  
 
2.6.8 Wholemount in situ hybridisation 
Bleached embryos were acetylated by washing twice in 0.1 M triethanolamine, for 5 minutes 
each. To the second wash 2.5 µl of acetic anhydride was added. After 5 minutes, a further 2.5 µl 
of acetic anhydride was added. To remove the triethanolamine and acetic anhydride the 
embryos were washed twice for 5 minutes in PBST. This was followed by two, five minute 
washes in 0.5 ml hybridisation mix. The embryos were then prehybridised with fresh 
hybridisation mix at 60 °C for at least 6 hours. After prehybridisation, the buffer was removed 
and replaced with fresh hybridisation buffer containing 20 ng/ml – 1 µg/ml of digoxigenin 
labelled riboprobe. Embryos were incubated overnight at 60 °C. 
 
Following overnight hybridisation, the probe was removed and replaced with 50 % deionised 
formamide/5 X SSC and incubated for 10 minutes at 60 °C. Subsequent post-hybridisation 
washes were all carried out at 60 °C with 25 % deionised formamide/2 X SSC for 10 minutes, 
12.5 % deionised formamide/2 X SSC for 10 minutes, 2 X SSC, 0.1 % tween for 10 minutes and 
finally 0.2 X SSC, 0.1 % tween for 30 minutes. Next, the embryos were washed in PBST for 3 X 5 
minutes at room temperature. The final wash in PBST was replaced with MAB for 10 minutes. 
The MAB was then replaced with MAB containing 2 % block and embryos were blocked at room 
temperature for 4 – 5 hours. For antibody detection of probes, a 1/2000 dilution of anti-
digoxygenin antibody fragments conjugated to alkaline phosphatase in MAB blocking solution 
was added to the embryos. Embryos were incubated overnight at 4 °C with gentle rocking. 
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To remove excess unbound antibody, the embryos were incubated in five, 1 hour washes in 
MAB at room temperature with gentle rocking. For the alkaline phosphatase catalysed colour 
reaction embryos were equilibrated with two, 5 minute washes in AP buffer. Embryos were 
then immediately transferred to small petri dishes and 1 ml of BCIP/NBT solution (1 tablet of 
SigmaFast BCIP/NBT dissolved in 10 ml H2O) was added. The embryos were protected from the 
light and the colour change was observed periodically. The colour reaction was stopped by 
washing the embryos several times in either PBST or AP buffer. Non-specific background was 
removed by washing the embryos in methanol. To photograph, the embryos were washed 
several times in PBS and then placed in a Petri dish containing a 2 % agarose gel which was 
covered in PBS. Images were captured using a Zeiss Lumar V12 stereoscopic microscope with an 
AxioCam MRc5.   
 
2.6.9 Wholemount immunohistochemistry 
Bleached embryos were washed twice for 5 minutes in PBST followed by one 5 minute wash in 
PBT. The embryos were blocked for 2 hours at room temperature in PBT containing 10 % non-
immune donkey serum (Sigma), which had been heat inactivated at 56 °C for 30 minutes. The 
embryos were then incubated overnight at 4 °C with the primary antibody in PBT containing 10 
% non-immune donkey serum (see figure 5.7 for dilutions). Excess primary antibody was 
removed by three, one hour washes in PBST and the embryos were then re-blocked in PBT 
containing 10 % non-immune donkey serum for 2 hours at room temperature. Following re-
blocking, embryos were incubated overnight in a 1:500 dilution of secondary antibody – donkey 
anti-sheep, HRP-conjugated (Sigma) in PBT containing 10 % non-immune donkey serum. Five, 
one-hour washes in PBST preceded development with the HRP substrate – Fast-DAB (Sigma), 
following the manufacturer’s instructions. The reaction was stopped by washing the embryos 
five times in PBS and the embryos were photographed and observed under a Zeiss Lumar V12 
stereomicroscope with an AxioCam MRc5 camera.    
 
2.6.10 Transcriptome analysis 
Total RNA was extracted from gastrula embryos (see section 2.4.12) derived from fresh or 
frozen spermatozoa and treated with 3-AB. Extracted RNA samples from three biological 
replicates were sent to Source Bioscience for paired-end TruSeq Stranded RNA sequencing 
(Figure 2.2) using the HiSeq2000 sequencer. This provided 100 bp read lengths with 
approximately 3.2 × 107 to 4.8 × 107 reads per sample. Data was mapped using Tophat (version 
2.0.13) to the X. tropicalis genome (Ensembl JGI 4.2.78). Differential gene expression analysis 
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between embryos derived from fresh and frozen spermatozoa were carried out using DESeq2 
software and the Wald test was applied to determine statistical significance (P < 0.05). 
 
Gene ontology was performed using The Database for Annotation, Visualization and Integrated 
Discovery (DAVID) Bioinformatics ResourceS (v6.7) to investigate functional annotation (Huang 
et al., 2009). Differentially expressed genes (DEGs) were imported into the web-software as 
ensembl gene IDs. Mapping of DEGs onto the X. tropicalis chromosomes was carried out using 
the X. tropicalis genome browser (v8.0) available on xenbase.org.  
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Figure 2.2 Overall experimental design for transcriptome analysis 
Eggs from 3 different female X. tropicalis were fertilised with either fresh or frozen sperm and 
treated for 2.5 hours with 3AB. The 3-AB was then washed away during the dejellying process. 
The embryos were allowed to develop to stage 10 .5 when the dorsal lip was clearly present and 
then 3 sets of 20 embryos collected from each batch. RNA was prepared from these, treated 
with DNase and the samples sent for sequencing by Source Bioscience. 
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CHAPTER 3: Effects of freezing and activation 
on membrane quality and DNA damage in X. 
tropicalis and X. laevis spermatozoa 
 
3.1  Introduction 
In the face of the current global amphibian extinction crisis, sperm cryopreservation represents 
a key potential strategy for supporting threatened populations and enabling the future re-
establishment of recently extinct species (Clulow et al. 2014). There is also increasing interest in 
the use of sperm cryopreservation for storing genetically altered lines of amphibians, especially 
Xenopus laevis and Xenopus tropicalis, given their growing importance as biomedical models 
(Khokha 2012; O’Neill and Ricardo 2013; Pratt and Khakhalin 2013; Schmitt et al. 2014). Such 
storage strategies enhance animal welfare by reducing the number of animals held and have 
positive impact on the cost effectiveness of biomedical research. Although cryopreserved 
amphibian spermatozoa recover motility and can fertilize eggs in vitro (Beesley et al. 1998; 
Browne et al. 1998; Michael and Jones 2004; Sargent and Mohun 2005) success rates are 
variable and species-dependent. 
 
Previous studies have reported that between 5 - 10% of X. laevis spermatozoa are potentially 
motile following the freeze-thaw process and shown fertility rates ranging from 36 - 81%. 
Despite the decrease in post-thaw survival, sufficient spermatozoa were recovered to 
regenerate mutant genotypes (Sargent and Mohun 2005). More recent efforts to optimize 
cryopreservation of X. laevis spermatozoa, based on a matrix devised to evaluate the various 
stages of the freezing protocol, have yielded some encouraging results, and the authors 
concluded that the best cryopreservation protocol did not significantly reduce motility. 
However, there was a reduction in viability and hatching rate from 82% to 60% and 60% to 48%, 
for fresh and frozen samples respectively (Mansour et al. 2009). These decreases strongly 
suggest that cryopreserved amphibian spermatozoa have undergone damage that reduces the 
success of embryonic development; despite this, little is known about the nature and extent of 
such damage. 
 
DNA fragmentation is an inherent feature of DNA condensation during spermiogenesis 
(Meistrich et al. 2003) but it can also be caused by external factors (González-Marín et al. 2012), 
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particularly for species with external fertilization. In species such as the tench, sperm DNA 
damage is rapidly initiated a few minutes after sperm activation and it is thought that 
subsequent chromatin swelling following activation exposes chromatin regions more 
susceptible to DNA breakage (López-Fernández et al. 2009). There is increasing evidence that 
the processes involved in sperm cryopreservation, which include exposure to various chemicals 
as well as temperature and osmotic excursions, induce sperm DNA fragmentation (Kopeika et 
al. 2014). The consequences for genome integrity as a result of the freeze – thaw process are 
therefore of great concern given the importance of an intact genome for successful embryonic 
development. For example, inhibition of DNA repair in trout embryos derived from DNA-
damaged spermatozoa revealed differential expression of genes involved in growth and repair, 
nervous system development, morphogenesis and cell differentiation (Fernández-Díez et al. 
2015). Furthermore, trout embryos obtained from frozen sperm had a higher incidence of 
embryonic death and altered mRNA levels of genes involved in growth and morphogenesis 
including insulin growth factor receptor 1a (Igfr1a), growth factor 1 (Gh1) and insulin 1 (Ins1), 
suggesting a direct effect of fertilizing with DNA cryo-damaged spermatozoa (Pérez-Cerezales et 
al. 2011). In the loach, fertilisation with cryopreserved spermatozoa in the presence of a DNA 
repair inhibitor also revealed extensive embryo death and axial defects in the surviving embryos 
(Kopeika et al. 2004). It is clear therefore that cryopreservation of spermatozoa can directly 
affect development, but in order to understand how sperm cryopreservation has these affects 
in detail it is necessary to work in a well-defined embryo model system. 
 
The processes and mechanisms which govern embryonic development in Xenopus are well 
understood and the usefulness of this model has improved greatly with full genome availability 
for both of the species used (Hellsten et al. 2010; Karpinka et al. 2014). Xenopus are particularly 
suited to these studies due to the large numbers of embryos that can be produced 
synchronously and develop externally and that can be readily analyzed at various stages of 
development both phenotypically and by high-throughput biochemical analysis (Harland and 
Grainger 2011). More studies are urgently needed to shed light on the developmental 
consequences of cryo-induced DNA damage and Xenopus provides an ideal platform to do so. 
The present study represents an important first step towards this objective.  
 
This investigation was aimed at testing how freezing Xenopus spermatozoa and subsequent 
activation for in vitro fertilization (IVF) modifies both the integrity of the sperm plasma 
membrane and the quality of the DNA. We hypothesized not only that cooling and freezing 
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would induce DNA damage, but that the extent of DNA damage would be exacerbated by 
motility activation. The practical use of cryopreserved sperm at the European Xenopus Resource 
Centre (EXRC) has suggested that the effectiveness of cryopreservation differs between X. laevis 
and X. tropicalis, and one of our objectives in this study was therefore to investigate and 
document these differences systematically. Species differences in sperm cryopreservation 
success occur frequently and sometimes provide useful insights into the mechanisms of 
cryoinjury (Holt 2000). 
 
3.2  Results 
 
3.2.1 Plasma membrane integrity 
The dye exclusion test (Yániz et al., 2013) was able to distinguish effectively between 
spermatozoa with intact membranes, which stained green, or damaged membranes, which 
stained red, in X. tropicalis (Figure 3.1a). Spermatozoa with damaged membranes also showed 
swelling (see legend in Figure 3.1b). We also detected a morphological abnormality in the form 
of macrocephaly suggesting a polyploidal spermatozoon (Guthauser et al., 2006) (see legend in 
Figure 3.1b). More significant progressive swelling and diffuse staining was observed in 
spermatozoa stained red (Figure 3.1 c-d). Similar morphological features were observed for 
both X. laevis and X. tropicalis spermatozoa in this assay (not shown). 
 
Effects of freezing and activation over a 24 hour period were examined using ANOVA and 
specific contrasts within the ANOVA were examined. In X. tropicalis there was a significant 
effect of time on plasma membrane integrity (F (2, 36) = 65.0, P<0.01) where the percentage of 
spermatozoa with intact membranes decreased between T0 and T24 for all groups (Figure 3.2). 
Overall, plasma membrane integrity was significantly worse in frozen samples compared to 
fresh samples with or without activation (F (1, 36) = 121.42, P ˂ 0.00001) (Figure 3.3a). This 
difference was evident from T0 onwards, where fresh, activated and non-activated samples 
showed higher plasma membrane integrity (mean (±SEM) for both activated and non-activated 
samples was 68.75 ± 4.1%) than frozen samples (means (±SEM) for activated and non-activated 
samples were 39.5 ± 1.3% and 41.25 ± 1.9%, respectively). Figure 3.2 also shows a clear 
difference in the proportion of spermatozoa with intact plasma membranes between fresh and 
frozen groups, which was a trend maintained throughout the time course; after 24 hours of 
incubation, all spermatozoa in the frozen samples possessed damaged plasma membranes. This 
difference between fresh and frozen groups was evident at individual time points T0 (F (1, 36) = 
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39.77 P < 0.01), T4 (F (1, 36) = 20.25, P < 0.01) and T24 (F (1, 36) = 68.54, P < 0.01). Furthermore, 
significant differences were evident between fresh and frozen spermatozoa, regardless of 
activation, at T0 (F (1, 18) = 28, P < 0.01), T4 (F (1, 18) = 18.82, P < 0.01) and T24 (F (1, 18) = 78.45, P < 
0.01) (Figure 3.3b). The only significant difference in membrane permeability between activated 
and non-activated sperm samples occurred at T24 (F (1, 36) = 6.82, P = 0.013) where activated 
sperm were more permeable (Figure 3.3c). There was no significant difference caused by 
activation of fresh and frozen sperm. There was a significant interaction between activation and 
freezing; membrane integrity in activated, frozen spermatozoa was poorer than the 
corresponding value for activated, fresh spermatozoa (F (1, 36) = 4.42, P = 0.04) (Figure 3.3d). 
 
In X. laevis, membrane quality also decreased during the 24 hour incubation period with the 
largest difference occurring between fresh and frozen samples at T0. Fewer than 14% of frozen 
sperm possessed intact plasma membranes at T0 while fresh sperm samples showed at least 5 
times more intact spermatozoa (Figure 3.4). The Kruskal Wallis test shows that plasma 
membrane quality was significantly worse in frozen sperm samples across all time points (H = 
12.5; DF = 1, N = 48; P < 0.01) with a decrease from 43.63 ± 5.77% to 7.88 ± 1.47% (Figure 3.5a) 
and specifically at T0 (H = 11.31: DF = 1, N = 16; P < 0.01) and T4 ((H = 11.31: DF = 1, N = 16); P < 
0.01) (Figure 3.5b). No statistical significance was observed between activated and non-
activated frozen samples.   
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Figure 3.1 Sperm plasma membrane integrity. 
Spermatozoa from X. tropicalis were cryopreserved and then thawed, stained to reveal plasma 
membrane damage and then photographed under fluorescence microscopy (methods). (a) X. 
tropicalis spermatozoa with intact membranes stained green with acridine orange and 
spermatozoa with damaged membranes stained red where acridine orange has been displaced 
by propidium iodide. (b) Spermatozoa with damaged membranes have sperm heads that exhibit 
significant swelling (white arrowhead) and are larger than spermatozoa with intact membranes. 
A spermatozoon with macrocephaly is also shown (yellow arrowhead). (c) More diffuse staining 
is noticeable in spermatozoa with damaged membranes and (d) persistent clusters of intense 
fluorescence may represent apoptotic bodies. X. laevis sperm morphology is the same (not 
shown). 
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Figure 3.2 X. tropicalis plasma membrane integrity. 
X. tropicalis (n=4) spermatozoa from fresh samples or thawed, cryopreserved samples which 
were either activated or non-activated were stained to reveal plasma membrane damage and 
then counted under fluorescence microscopy. The mean percentage (± SEM) of spermatozoa 
with intact membranes was counted at the times shown following incubation at room 
temperature and plotted. 
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Figure 3.3 Specific contrasts in X. tropicalis sperm plasma membrane integrity. 
X. tropicalis (n=4) spermatozoa from fresh samples or thawed, cryopreserved samples which 
were either activated or non-activated were stained to reveal plasma membrane damage and 
then counted under fluorescence microscopy. (a) Shows the mean (± SEM) percentage of 
spermatozoa in X. tropicalis with intact membranes in fresh and cryopreserved samples which 
regardless of activation over the entire 24 hour incubation period. (b) Shows the significant 
differences between data at individual time points when fresh and cryopreserved samples were 
compared. (c) Shows the significant differences between data at individual time points when 
activated and control samples were compared. (d) Shows that the statistical interaction 
(fresh/frozen x activated/non-activated) was significant where cryopreserved samples, 
regardless of activation, are worse than fresh activated and fresh non-activated samples. 
Significant differences are noted as: *(P ≤ 0.05), **(P ≤ 0.01), ***(P ≤ 0.001), ****(P ≤ 0.0001). 
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Figure 3.4 X. laevis sperm plasma membrane integrity.  
X. laevis (n=4) spermatozoa from fresh samples or thawed, cryopreserved samples which were 
either activated or non-activated were stained to reveal plasma membrane damage and then 
counted under fluorescence microscopy (methods). The mean percentage (± SEM) of 
spermatozoa with intact membranes was counted at the times shown following incubation at 
room temperature and plotted. 
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Figure 3.5 Specific contrasts in X. laevis plasma membrane integrity. 
X. laevis (n=4) spermatozoa from fresh samples or thawed, cryopreserved samples which were 
either activated or non-activated were stained to reveal plasma membrane damage and then 
counted under fluorescence microscopy (methods). (a) Shows the mean (± SEM) percentage of 
spermatozoa in X. laevis with intact membranes in fresh and cryopreserved samples which were 
activated and non-activated over the entire 24 hour incubation period. (b) Shows the significant 
differences between data at individual time points when fresh and cryopreserved samples were 
compared. 
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3.2.2 Validation of the SCD test through in situ nick translation (ISNT) 
As a preliminary test to confirm the presence of DNA fragmentation observed in the SCD assay, 
ISNT was used to label the ends of DNA strand breaks. Incorporated nucleotides bound to 
streptavidin-labelled fluorescein incorporated at the 3’-0H ends of single-strand breaks (SSBs) 
and double strand breaks (DSBs) produce green fluorescence. When merged with images 
showing the same sample stained with propidium iodide, cryopreserved spermatozoa exhibiting 
fragmented DNA can be identified by their green/yellow halo (Figrue 3.6a – f’).  As a negative 
control, DNA polymerase I was omitted from the reaction resulting in no incorporation of 
labelled nucleotides as shown by lack of green fluorescence (Figure 3.6g – l). Green 
fluorescence can be detected in the nuclear core of spermatozoa that do not exhibit a halo of 
fragmented DNA (Figure 3.6 e, e’, f, f’).  
 
3.2.3 DNA fragmentation and sperm morphology 
Sperm DNA fragmentation assessment through the SCD test revealed four main morphotypes. 
Sperm morphotype 1 and 2 (SM-1, 2) (Figure 3.7a and b) showed no DNA fragmentation but 
loss of the classic elongated crescent core of the sperm head was observed in SM-2. The 
chromatin surrounding the sperm head was still highly organised and restricted to the 
immediate periphery. SM-3 showed a low level of DNA fragmentation with the chromatin 
dispersing further, thus creating a larger halo (Figure 3.7c). The final morphotype, SM-4, 
showed a high level of DNA fragmentation with complete loss of the chromatin ring and with 
highly dispersed fragments of DNA (Figure 3.7d).  In some cases the halos produced in the SM-4 
morphotype were difficult to identify due to the highly dispersed fragments of DNA and 
reduced size of the nuclear core (Figure 3.8). 
 
Overall the study showed that the percentage of spermatozoa with DNA fragmentation (DNA 
fragmentation index) increased over the 24-hour incubation period post activation (Figure 3.9). 
Significantly higher percentages of spermatozoa with DNA fragmentation were detected in 
activated compared to non-activated samples in X. tropicalis. This was true when considered 
across all time points in both fresh and frozen spermatozoa (F(1, 36) = 7.1, P = 0.01) (Figure 3.10a) 
and was also evident when activated and non-activated sperm samples were compared, but 
only at time points T4 (F (1, 36) = 4.97, P < 0.05) and T24 (F (1,36) = 4.35, P < 0.05) (Figure 3.10b). 
The interaction between activation and freezing was also statistically significant, with activated, 
frozen spermatozoa showing higher levels of DNA fragmentation compared with activated, 
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fresh spermatozoa, and indeed when non –activated fresh and frozen spermatozoa were 
compared (F (1,36) = 4.2, P < 0.05) (Figure 3.10c).  
 
Sperm DNA fragmentation for all X. laevis samples increased over the 24 hour incubation period 
(Figure 3.11). The ANOVA showed that, overall, activated spermatozoa exhibited a significantly 
higher DNA fragmentation index (F (1,36) = 27.045, P < 0.01) (Figure 3.12a) than non-activated 
spermatozoa. This difference was evident at both time points T0 (F (1,36) = 27.61, P < 0.01) and 
T24 (F (1, 36) = 4.36, P < 0.05) (Figure 3.12b) but no statistical significance was detected at T4.  
There was an overall significant effect of freezing, where frozen sperm samples exhibited a 
higher DNA fragmentation index than fresh samples (F (1, 36) = 24.65, P < 0.01) (Figure 3.12c). 
More detailed analysis showed the differences were significant at time points T0 (F (1, 36) = 29.81, 
P < 0.01) and T4 (F (1, 36) = 17.69, P < 0.01) (Figure 3.12d); no statistical significance was observed 
at T24. The interaction between these two parameters showed that frozen, activated 
spermatozoa exhibited a higher DNA fragmentation index than frozen, non-activated 
spermatozoa, fresh, activated and fresh, non-activated sperm (F (1, 36) = 5.61, P < 0.05) (Figure 
3.12e). 
 
3.2.4 Combined effect of freezing on membrane integrity and DNA quality 
Data for X. laevis (r2 = 0.7; P < 0.0001) and X. tropicalis (r2 = 0.48; P = 0.014) revealed significant 
negative correlations between DNA fragmentation and sperm plasma membrane integrity. 
Spermatozoa with plasma membrane damage showed higher levels of DNA fragmentation as 
displayed by the regression lines in Figure 3.13a and b. One-way ANCOVA for the combined 
effect of freezing on membrane integrity and DNA fragmentation showed that the regression 
lines for fresh and frozen spermatozoa did not depart significantly from being parallel in either 
species. 
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Figure 3.6 Validation of the SCD assay with in situ nick translation (ISNT). 
Spermatozoa from one X. tropicalis were cryopreserved and then thawed and DNA breakage 
was then assayed using in situ nick translation (methods). (a) and (d): spermatozoa stained with 
propidium iodide. (b) and (e): incorporation of biotin-16-dUTP onto the strand breaks shown by 
the green staining from bound streptavidin Alexa 488. (c) and (f) show the merged images. 
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Figure 3.7 Sperm morphotypes from the SCD assay. 
Spermatozoa from one X. tropicalis were cryopreserved and then thawed and DNA breakage 
was then assayed using the sperm chromatin dispersion (SCD) test, which produces four 
spermatozoa morphotypes following lysis treatment to allow DNA to diffuse out of the sperm 
head (methods). (a) Spermatozoa with undamaged DNA show a chromatin halo that is highly 
compact and restricted to the periphery of the sperm head (SM-1). (b) Undamaged 
spermatozoa can also show swelling where the sperm head adopts a more round shape and 
loses the classic corkscrew shape. The halo is still organised and compact (SM-2).  (c) A low level 
of DNA fragmentation is shown when the halo begins to expand and disperse and fragments 
can been seen around the halo (SM-3). (d) A high level of DNA fragmentation is seen when the 
halo is completely disorganised with fragments of DNA spread around the sperm head (SM-4). 
(a’-d’) Electronic filtered images to enhance the morphological differences. 
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Figure 3.8 A typical SCD assay image.  
Spermatozoa from one X. tropicalis were cryopreserved and then thawed and DNA breakage 
was then assayed using the sperm chromatin dispersion (SCD) test. (a) Typical example of the 
field of view when observing halos from the SCD test. (b) Electronic enhanced image 
highlighting the different morphotypes. White arrowheads point to a spermatozoon with a low 
level of DNA damage and the yellow arrowheads point to a spermatozoon with a high level of 
DNA damage.  
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Figure 3.9 X. tropicalis sperm DNA fragmentation dynamics. 
X. tropicalis (n=4) spermatozoa from fresh samples or thawed, cryopreserved samples which 
were either activated or non-activated were treated with lysis solution, stained to reveal DNA 
fragmentation and then counted under fluorescence microscopy (methods). The mean 
percentage (± SEM) of spermatozoa with fragmented DNA was counted at the times shown 
following incubation at room temperature and plotted. 
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Figure 3.10 Specific contrasts in X. tropicalis sperm DNA fragmentation.  
X tropicalis (n=4) spermatozoa from fresh samples or thawed, cryopreserved samples which 
were either activated or non-activated were treated with lysis solution, stained to reveal DNA 
fragmentation and then counted under fluorescence microscopy (methods). (a) Shows the 
mean (± SEM) percentage of fresh and cryopreserved spermatozoa in X. tropicalis with DNA 
fragmentation in activated and non-activated samples over the entire 24-hour incubation 
period. (b) Shows the significant differences between data at individual time points when 
activated and non-activated samples were compared. (c) Shows the interaction (fresh/frozen x 
activated/non-activated) is significant (P ˂ 0.05). Activated frozen sperm shows the highest 
levels of DNA fragmentation. 
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Figure 3.11 X. laevis sperm DNA fragmentation dynamics. 
X. laevis (n=4) spermatozoa from fresh samples or thawed, cryopreserved samples which were 
either activated or non-activated were treated with lysis solution, stained to reveal DNA 
fragmentation and then counted under fluorescence microscopy (methods). The mean 
percentage (± SEM) of spermatozoa with fragmented DNA was counted at the times shown 
following incubation at room temperature and plotted. 
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Figure 3.12 Specific contrasts in X. laevis sperm DNA fragmentation. 
X. laevis (n=4) spermatozoa from fresh samples or thawed, cryopreserved samples which were 
either activated or non-activated were treated with lysis solution, stained to reveal DNA 
fragmentation and then counted under fluorescence microscopy (methods). (a) Shows the 
mean (± SEM) percentage of spermatozoa in X. laevis with fragmented DNA in non-activated 
and activated samples, which were fresh and cryopreserved, over the entire 24-hour incubation 
period. (b) Shows the significant differences between data at individual time points when fresh 
and cryopreserved samples were compared. (c) Shows the mean (± SEM) percentage of fresh 
and cryopreserved spermatozoa in X. laevis with fragmented DNA, which were activated and 
non-activated, over the entire 24-hour incubation period. (d) Shows the significant differences 
between data at individual time points when fresh and cryopreserved samples were compared. 
(e) Shows that the statistical interaction (fresh/frozen x activated/non-activated) was significant 
where cryopreserved samples which were either activated or non-activated are of poorer 
quality than fresh, activated and fresh, non-activated samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3                                                                                                        Membrane quality and DNA damage  
 
74 
 
 
 
 
 
 
 
 
 
 
Chapter 3                                                                                                        Membrane quality and DNA damage  
 
75 
 
 
 
 
Figure 3.13 Combined effect of freezing on membrane integrity and DNA quality. 
(a) Combined scatter plots showing the correlation between the proportion of spermatozoa 
with intact membranes and the proportion of DNA fragmentation in fresh and frozen samples 
for X. laevis (r2 = 0.7; P < 0.0001) and (b) X. tropicalis (r2 = 0.48; P < 0.014). 
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3.3 Discussion 
In this study we have demonstrated detrimental effects on viability in the spermatozoa of X. 
tropicalis and X. laevis caused by two treatments: cryopreservation and activation. A simple dye 
exclusion test revealed that the freeze-thaw process causes significantly more damage to the 
plasma membrane in X. laevis than X. tropicalis sperm at T0. At T0 for the IVF process, the 
frozen sperm were thawed by hand, activated or non-activated, and then immediately pipetted 
on to the eggs in a petri dish. The time between thawing and fertilization was therefore kept to 
an absolute minimum so that any effect from activation would be minimised during this period 
and identical timings were achieved with fresh samples. The plasma membrane integrity of both 
fresh and frozen samples from both species continued to decrease over time, with frozen 
samples reaching a point of complete loss of viable spermatozoa by 24 hours. Throughout the 
time course we did not observe a significant effect of activation on membrane integrity. Since 
even minor sperm damage is revealed during prolonged incubation (Johnston et al. 2012), there 
is therefore no evidence that activation contributes to spermatozoa death within the time it 
takes for fertilization to occur. Cryopreservation however caused very significant damage, a 30% 
decrease for X. tropicalis and a 60% decrease for X. laevis; this is likely to underlie, at least in 
part, the poor fertilisation rates reported for X. laevis compared with X. tropicalis using 
cryopreserved spermatozoa. Our X. laevis data are very similar to those obtained by Mansour 
and co-workers, both studies achieving approximately 70% spermatozoa with intact membranes 
from fresh samples and our 14% figure for frozen samples falls into their range of 7% - 50%. To 
our knowledge this is the first description of spermatozoa plasma membrane integrity 
measurement for X. tropicalis (Mansour et al. 2009). 
 
In addition to detecting damaging effects on plasma membrane integrity, the present study has 
shown a significant, detrimental impact of cryopreservation on DNA quality in both Xenopus 
species. The sperm DNA fragmentation index was determined by the SCD test that, in turn, was 
validated by ISNT through incorporation of fluorescently labelled nucleotides into SSBs and 
DSBs. At T0, the most relevant for fertilisation use, there is a significant decrease in DNA 
integrity in frozen, activated X. laevis samples compared to all other treatments. Since this is the 
sample that would be used for fertilisation it is clear that the DNA damage observed is relevant 
to the use of such cryopreserved sperm. Although in this case we were able to detect DNA 
damage at T0, DNA damage levels can sometimes be very low or cryptic at T0, but potentially 
significant nonetheless. Effects may not be seen until four hours or later; hence we measured 
the DFI over time as an indication of DNA stability. Additional damage may also have been 
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promoted by other factors such as mitochondrial stress and induction of cell death, which likely 
to be different in fresh and frozen spermatozoa. Overall, a cryopreservation and activation-
induced increase in DNA damage was observed over the 24-hour period for both species. For X. 
laevis at T24 activation alone also enhanced the DNA damage in fresh sperm samples 
significantly. Although there was no significant DNA damage enhancement detected at T0 for X. 
tropicalis, cryptic damage was detected at later times; thus for both species there is strong 
evidence that the DNA sample used to fertilise eggs: cryopreserved, activated spermatozoa, 
contains damaged DNA. Although the SCD assay has already been validated in X. laevis (Pollock 
et al. 2014), we can find no evidence of data from either Xenopus or other amphibia with which 
to compare those reported here. 
 
Although the exact mechanisms which underlie the process of cryo-induced DNA damage are 
not fully understood, highly reactive oxygen species (ROS) formed during cryopreservation have 
been widely implicated in inducing DNA damage, particularly in mammalian sperm (Lopes et al. 
1998; Bennetts and Aitken 2005; Gosálvez et al. 2014). An alternative explanation to the 
oxidative stress mechanism is the enhancement of pre-existing DNA damage, defects in DNA 
repair enzymes (Zribi et al. 2010) or activation of caspase and apoptosis (Paasch et al. 2004; 
Said et al. 2010). 
 
The molecular differences that underpin the response of spermatozoa to cryopreservation 
largely remain to be explored, however spermatozoa of species with low DNA protamination 
have increased vulnerability to oxidative damage (Gosálvez et al. 2011). There is growing 
consideration for the developmental consequences that could potentially arise from such 
scenarios. For example, genome regions, which are not associated with protamines may permit 
‘easy’ access to transcriptional machinery post-fertilization but may also confer an increased 
predisposition to assault from external factors resulting in DNA fragmentation in key embryonic 
genes. Indeed it has been demonstrated in trout sperm that positional differences between 
genes are a key factor in determining sensitivity to oxidative damage and that certain genes can 
function as good biomarkers for cryo-induced damage, such as Hox genes (González-Rojo et al. 
2014). 
 
X. laevis lack protamine disulphide bonds but adopt an alternative chromatin stabilizing 
mechanism where alkali labile sites (ALS) produce stretches of highly repetitive and highly 
sensitive single-stranded DNA which heavily condenses the chromatin during spermatogenesis 
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(Cortés-Gutiérrez et al. 2008).  As external fertilizers, it is thought that this serves as a key 
mechanism for ensuring that the integrity of Xenopus spermatozoa is not compromised during 
transit to the eggs. ALS may explain SM – 2 where the distinct corkscrew shape of the sperm 
head is lost but no DNA fragmentation is detected. This was also apparent in the ISNT assay 
where spermatozoa, which did not display morphotypes showing halos of DNA fragments, had 
still incorporated fluorescent-labelled nucleotides, signifying the incorporation of nucleotides 
within the nuclear core at SSB in alkali labile sites (Pollock et al., 2014). Indeed, from a 
functional and evolutionary standpoint it is not surprising that activation of sperm and the 
subsequent increase in DNA breakage following its release into the surrounding aquatic 
environment prior to fertilization may diminish the quality of the DNA. It is possible that this 
serves as a mechanism to ensure that only sperm that has spent a minimal amount of time and 
therefore had less exposure to other detrimental factors to chromatin integrity, such as UV 
radiation, can fertilize.  
 
The hypothesis above is dependent on the underlying assumption that spermatozoa with high 
DNA fragmentation are likely to have low fertility rates or less capacity to fertilize. Indeed, for X. 
laevis, there is a strong relationship between high DNA fragmentation and poor membrane 
integrity. This therefore represents a strong selection pressure against reproductive 
performance. Interestingly, the data for X. tropicalis show that there is a population of sperm 
samples that have higher proportions of intact plasma membranes than X. laevis. Furthermore, 
these samples also show over 30% of spermatozoa with DNA fragmentation. This suggests that 
frozen X. tropicalis sperm, which have fragmented DNA, better retain their capacity to fertilize 
compared to X. laevis and that there is an increased probability of DNA-fragmented X. tropicalis 
spermatozoa fertilizing an egg. Indeed, even fertilisation by spermatozoa with DNA 
fragmentation levels lower than 30% and with intact membranes could still have significant 
developmental consequences. It may not necessarily be the quantity of DNA damage alone, but 
also the nature of the DNA damage (i.e. SSB or DSB) and location within the genome that 
determines any detrimental effect on embryo development.  
 
In conclusion, our study has shown that the freeze-thaw process induces significant reduction in 
membrane and DNA quality in both species of Xenopus and that activation of frozen sperm 
enhances the detrimental effects on DNA integrity. In future, a combination of high-throughput 
transcriptome analysis and more classical embryological techniques applied to Xenopus 
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embryos produced using cryopreserved spermatozoa would determine the possible existence of 
DNA damage hotspots and begin to identify molecular pathways compromised in such embryos. 
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CHAPTER 4: Effect of 3-aminobenzamide on 
embryo survival and early development in X. 
tropicalis  
 
4.1. Introduction 
The successful transmission of the paternal genome to the zygote during fertilization is crucial 
for normal development of the embryo. It was shown in the previous chapter that 
cryopreservation induces DNA fragmentation in both X. laevis and X. tropicalis spermatozoa. For 
X. tropicalis there was a subpopulation of frozen-thawed spermatozoa which sustained 
significant levels of DNA fragmentation but had also retained their potential to fertilize since the 
plasma membrane had remained intact. Detrimental effects on survival were reported in loach 
fish embryos which were produced from cryopreserved sperm and treated with the DNA repair 
inhibitor 3-aminobenzamide (3-AB). Kopeika et al (2004) found that the rate of survival was 
reduced from approximately 77% in controls to approximately 54% and they observed a 
possible increase in the occurrence of axial defects (Kopeika et al., 2004). In the case of humans, 
the clinical risk of fertilizing with DNA-damaged sperm has also previously been made known 
when spermatozoa with high levels of DNA fragmentation used in ICSI produced embryos that 
showed reduced rates of early embryonic development compared to controls (Wdowiak et al., 
2015). Furthermore, the clinical outcomes of fertilizing with human spermatozoa that have DNA 
fragmentation levels exceeding 27.3% in women with a physiological decrease in the number of 
eggs, also known as reduced ovarian reserve (ROR), showed reduced live-birth and implantation 
rates and women with normal ovarian reserves (NOR) showed an increased risk of abortion (Jin 
et al., 2015).  These studies highlight the limitations of traditional parameters used to assess 
sperm quality such as motility and morphology. The importance of an intact paternal genome is 
also underlined by these clinical findings. The mechanism of changes in genetic integrity and 
stability in response to freezing and thawing are unclear. Additionally, the genetic basis and 
precise genetic consequences for poor development in embryos generated from cryo-damaged 
spermatozoa are unclear, particularly for Xenopus where many transgenic lines are likely to be 
stored using cryopreservation.  
 
DSBs hold significant consequences for the cell, from promoting undesirable chromosome 
rearrangements and genetic instability to activating cell death if unrepaired. Defects in any of 
the repair mechanisms, namely HR, NHEJ or alternative NHEJ, have been found to predispose to 
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radiation sensitivity, premature aging phenotypes or cancer, or have been associated with a 
range of developmental disorders (Beck et al., 2014). DSB repair is therefore a major 
determining factor in promoting genetic variability or genetic instability (Bétermier et al., 2014). 
Poly(ADP-ribosyl)ation (PARylation) is a key post-translational modification which functions to 
mediate the detection of DNA lesions (Polo and Jackson, 2011) and involves the addition of 
ADP-ribose polymer units to acceptor proteins. This process is catalysed by poly(ADP-ribose) 
polymerases (PARPs), three out of seventeen of which have been associated with cellular 
responses to DNA damage. These are PARP1, PARP2 and PARP3. More recently, PARP1 and 
PARP3 have been shown to play key roles specifically in DSB repair (Beck et al., 2014; Haince et 
al., 2008; Langelier et al., 2011, 2012). Indeed, inhibition of PARylation results in increased 
sensitivity to chemicals which induce DSBs (Audebert et al., 2004; Boulton et al., 1999). 
PARylation is thought to function as a docking signal to mediate the rapid recruitment of DNA 
repair components. Recently, the crystal structure of the essential PARP1 domains, Zn1 and Zn2 
zinc fingers, bound to a DSB revealed that exposed nucleotide bases and a continuous region of 
phosphate backbone are key features of DNA damage recognition (Ali et al., 2012). The exact 
role of PARP1 in classical NHEJ, has yet to be fully characterised but various studies have 
suggested interactions with DNA-PKcs and/or Ku70/80, which function as essential components 
of the DNA-PK holoenzyme to process the DNA ends (Figure 4.1). Interestingly, the PARP-Ku 
interaction was identified at loop domain structures known as scaffold or matrix attachment 
regions (SARs/MARs) implicating these proteins in the chromatin structural organisation 
(Galande and Kohwi-Shigematsu, 1999). Furthermore, proper association of DNA to the nuclear 
matrix in spermatozoa is required for paternal DNA replication in the one-cell embryo (Shaman 
et al., 2007) and also acts as a checkpoint for sperm DNA integrity after fertilization (Ward, 
2010). The role of PARP1 in the highly mutagenic repair pathway of A-EJ however, is better 
understood. In this case PARP1 acts at the initiation step of the repair process and is thought to 
facilitate the PAR-mediated recruitment of Mre11 for the removal of the single-stranded 
overhangs generated during the repair of DSBs known as single-stranded end-resection (Haince 
et al., 2008; Symington, 2014). Like NHEJ, HR is functional from the S-phase of the zygotic cell 
cycle (Derijck et al., 2008) and also involves PARP1–driven Poly-ADP-ribosylation of BRCA1, a 
promotor of HR or homologous recombination-mediated DNA repair (HRR) (Hu et al., 2014). 
The different mechanisms of DSB repair involving PARP1 are summarised in Figure 4.1.   
 
3-AB is a potent inhibitor of PARP1. In addition to its involvement in DSB repair, PARP1 is one of 
the most conserved repair enzymes (Ozawa et al., 1993) and as described by Kopeika et al 
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(2004), it is found in a range of species including lower eukaryotes (Faraone-Mennella et al., 
1998; Werner et al., 1984), non-vertebrate organisms (Chen et al., 1994) and in mammals, 
avians, reptiles, amphibians and fish (Scovassi et al., 1986). The activity of PARP in developing 
oocytes of X. laevis has also previously been described (Aoufouchi and Shall, 1997). The DNA 
repair capacity of sperm is limited and therefore dependent on the egg after fertilization. The 
repair mainly takes place in the zygote during the early stages of development. Therefore, the 
effect of sperm DNA fragmentation on the offspring depends on the combined effect of sperm 
chromatin damage and the capacity of the zygote to repair it (González-Marín et al., 2012). 
Studies into the effect of 3-AB on embryos derived from trout sperm, which had high levels of 
DNA damage, revealed increased embryonic loss but no effect was found when sperm with 
intermediate levels of DNA damage were used (Fernández-Díez et al., 2015; Pérez-Cerezales et 
al., 2010). This suggested a high capacity to repair paternal DNA damage regardless of PARP 
activity. For Xenopus, IVF procedures generate large progenies which develop externally and 
can be readily analysed to investigate developing defective phenotypes and assess reproductive 
outcome.  
 
To expand on the previous studies with 3-AB using trout and loach spermatozoa, and the results 
from the previous chapter, X. tropicalis embryos were produced using cryopreserved 
spermatozoa. Fertility and survival rates were examined and any defective phenotypes were 
analysed. Our objective was to reveal the effects of cryo-induced DNA fragmentation in 
spermatozoa on embryonic development in X. tropicalis.  
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Figure 4.1 Summary of the role of PARP1 in DSB repair. 
In the classical/canonical-NHEJ (C-NHEJ) pathway PARP1 is postulated to associate with the Ku 
heterodimer at the site of the DSB. The subsequent complex is made with the addition of the 
DNA-PK catalytic subunit (DNA-PKcs). Evidence for this, however, is limited. In A-EJ, which is the 
predominant repair pathway in which PARP1 is involved, PARP1 functions to facilitate the PAR-
mediated recruitment of Mre11 for single-stranded end-resection at the initiation step. Also in 
A-EJ, H1 is a substrate of PARP1, which enhances DNA end- joining. PARP1 is also thought to 
participate in HRR where it PARsylates BRCA1, causing it to release from the DNA while RAB80 
binds to the DNA. This is followed by formation of stable RAP80-ABRA1-BRCA1 complexes. This 
prevents the development of radial structures and complex chromosome rearrangements. The 
question mark denotes the nature of the chromatin structure at the site of the DSB which is still 
unknown. Adapted from (Hu et al., 2014) and (Beck et al., 2014). 
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4.2. Results 
 
4.2.1 Effects of cryopreservation and 3-AB on fertility and survival in X. tropicalis  
To discover whether 3-AB fertility of treated X. tropicalis embryos, eggs were fertilized with 
fresh or frozen spermatozoa, treated for 3 hours with 15 mM 3-AB and allowed to develop. A 
total of 4988 embryos were examined in this study. The Mann-Whitney test indicated that the 
fertility rate, regardless of the addition of 3-AB, was significantly less with frozen sperm 
(Mdn=39%) compared to fresh sperm (Mdn=98%), U=1.0, Z=4.07, p=0.000045. No significant 
effect on fertility was observed with the addition of 3-AB (Figure 4.2).  
At the pre-gastrula stage of development no significant effects of freezing and/or the addition 
of 3-AB was found on embryo survival.  However, by the post-gastrula stage a significant effect 
of freezing spermatozoa was observed on the survival of embryos incubated in 0.1 x MBS (as 
control) or 15 mM 3-AB (in 0.1 × MBS). The survival of embryos derived from frozen 
spermatozoa (Mdn=91%) was less than that for embryos derived from fresh spermatozoa 
(Mdn=97%), U=36.5, Z=2.02, p=0.043 (Figure 4.3). This was also the case at the post-hatching 
stage (approximately stage 28) where the median embryo survival was 91% when embryos 
were derived frozen sperm compared to 97% with embryos derived from fresh sperm 
regardless of treatment, U=32.5, Z=2.25, p=0.002. There was no effect on embryo survival at 
the post-hatching stage when 3-AB was applied to embryos derived from fresh sperm. There 
was however, a significant decrease in the survival of embryos derived from cryopreserved 
sperm when embryos were treated with 3-AB (Mdn=90%), compared to untreated embryos 
derived from cryopreserved sperm (Mdn=93%), U=4.0, Z=2.16, p=0.030. 
 
4.2.2 Effects of cryopreservation and 3-AB on phenotype  
The Mann-Whitney test described above indicated an overall effect of freezing regardless of 
treatment; there was a significant increase in the median percentage of abnormal embryos 
when embryos were derived from fresh sperm (Mdn=5%) compared to when embryos were 
derived from frozen sperm (Mdn=22%), U=31.5, Z=2.31, p=0.02 (Figure 4.4a). In the presence of 
3-AB, a significant increase in the number of abnormal embryos from 8% to 31% (U=4.0, Z=2.16, 
p=0.03) (Figure 4.4b) was also detected when cryopreserved sperm was used. An overall effect 
of 3-AB treatment with the use of fresh or frozen sperm was also detected where embryos 
incubated in 0.1 X MBS had fewer abnormalities (Mdn=4.5%) compared to embryos incubated 
in 3-AB (Mdn=22%) U=33.0, Z=2.22, p=0.03 (Figure 4.4c). The different types of abnormalities in 
the resulting survivors from each of the four groups of embryos were grouped into six 
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phenotype classes depending on the anatomical defect. These were (1) normal, (2) posterior 
defect, (3) dipped axis, (4) microcephaly or absence of anterior structures, (5) gastrula defect, 
and (6) curved axis (Figure 4.5). The average percentages of embryos which fell into each of 
these phenotype classes for each treatment were calculated and are shown in figure 4.4g.  
 
Out of the different types of observed phenotypes, only two were shown to be significantly 
more prevalent in embryos derived from cryopreserved sperm and incubated in 3-AB. The most 
commonly occurring phenotype, was the gastrula defect which showed a median of 26% in 3-
AB treated embryos derived from cryopreserved spermatozoa (U=4.00, Z=-2.16, p=0.03) (Figure 
4.5h). A significant increase in gastrula defects was also found in embryos treated with 3-AB, 
regardless of whether they were derived from fresh or frozen spermatozoa; those incubated in 
0.1 X MBS  showed a median of 1% where as those incubated in 3-AB showed a median of 13% 
(U=26.0, Z=-2.62, p=0.009). The other significant phenotype was the posterior defects which 
showed a median of 10% in 3-AB treated embryos derived from cryopreserved spermatozoa 
(U=5.00, Z=-2.00, p=0.04) (Figure 4.5i). Photographs of twenty randomly selected embryos 
during development for each treatment are shown in figures 4.6 – 4.9.  
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Figure 4.2 Fertility of X. tropicalis spermatozoa. 
Fresh or cryopreserved spermatozoa were applied to eggs in vitro for fertilization, the resulting 
zygotes were incubated in 0.1 X MBS or 15mM 3-AB. Cleavage from the first cell division 
indicated successful fertilization. Each box-whisker plot represents the median, lower and upper 
quartile values of fertilized eggs from each treatment. Significant pairwise differences are 
indicated by different letters (Mann-Whitney U-test p<0.05) 
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Figure 4.4 Percentage of abnormal embryos. 
Embryos derived from fresh and frozen sperm and treated with 0.1XMBS and 15mM 3-AB were 
grown to stage 33, morphology was assessed and the percentage of abnormal embryos was 
calculated. The overall effect of freezing regardless of treatment is shown in (a) and the overall 
effect of 3-AB treatment, regardless of treatment, is shown in (b). Percentage of abnormal 
embryos from each individual treatment is shown in (c). Significant pairwise differences are 
indicated by different letters (Mann-Whitney U-test p<0.05).  
 
 
 
Chapter 4                                                                                                                       Effect of 3-aminobenzamide 
89 
 
 
 
 
Figure 4.5 Phenotypic analysis of embryos derived from fresh and frozen spermatozoa. 
Following treatment in either 0.1XMBS or 15mM 3-AB, embryos derived from fresh or frozen 
sperm were grouped into six groups of the most commonly occurring phenotypes among 
surviving embryos at stage 33; normal (a), posterior defect (b), dipped axial defect (c), 
microcephaly (d), gastrula defect (e), and curved axial defect (f). The average frequency of these 
occurring phenotypes for each treatment are illustrated in a stacked column graph according to 
colour (g). The median percentages of the two significantly occurring phenotypes, the posterior 
and gastrula defect, are shown as box-whisker plots (h) and (i), respectively. Significant pairwise 
differences are indicated by different letters (Mann-Whitney U-test p<0.05). 
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Figure 4.6 Time course phenotypic analysis of embryos derived from fresh spermatozoa and 
incubated in 0.1XMBS. 
Twenty embryos were randomly selected from the progeny of in vitro fertilization replicate 
involving sperm from a single male and eggs from a single female. Photographs were taken at 
the pre-gastrula stage 7 (a), during gastrulation at stage 10.5 (b), during neurulation at stage 
12.5 (c), just before hatching at stage 24 (d) and finally at stage 33 (e). Red asterisks indicates 
the embryo had died.     
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Figure 4.7 Time course phenotypic analysis of embryos derived from fresh spermatozoa and 
incubated in 15mM 3-AB. 
Twenty embryos were randomly selected from the progeny of in vitro fertilization replicate 
involving sperm from a single male and eggs from a single female. Photographs were taken at 
the pre-gastrula stage 7 (a), during gastrulation at stage 10.5 (b), during neurulation at stage 
12.5 (c), just before hatching at stage 24 (d) and finally at stage 33 (e).  
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Figure 4.8 Time course phenotypic analysis of embryos derived from frozen spermatozoa and 
incubated in 0.1XMBS. 
Twenty embryos were randomly selected from the progeny of in vitro fertilization replicate 
involving sperm from a single male and eggs from a single female. Photographs were taken at 
the pre-gastrula stage 7 (a), during gastrulation at stage 10.5 (b), during neurulation at stage 
12.5 (c), just before hatching at stage 24 (d) and finally at stage 33 (e). Red asterisks indicates 
the embryo had died. Red arrow head indicates a gastrula defect and yellow arrow head 
indicates a posterior defect.  
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Figure 4.9 Time course phenotypic analysis of embryos derived from frozen spermatozoa and 
incubated in 15mM 3-AB. 
Twenty embryos were randomly selected from the progeny of in vitro fertilization replicate 
involving sperm from a single male and eggs from a single female. Photographs were taken at 
the pre-gastrula stage 7 (a), during gastrulation at stage 10.5 (b), during neurulation at stage 
12.5 (c), just before hatching at stage 24 (d) and finally at stage 33 (e). Red arrow head indicates 
a gastrula defect and yellow arrow head indicates a posterior defect.  
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4.3 Discussion 
 
It has been postulated that a critical threshold exists for the presence of unrepaired DNA 
damage for embryos generated in vivo and in vitro, which if exceeded can result in failed 
embryo development despite a normal karyotype (González-Marín et al., 2012). In the present 
study, embryos derived from frozen spermatozoa showed poorer survival compared to those 
produced from fresh spermatozoa. We also observed an increased incidence of phenotypic 
abnormalities when zygotic DNA repair was inhibited in embryos derived from frozen 
spermatozoa compared to those from fresh.  A significant decrease in the survival of embryos 
derived from frozen sperm and then incubated in 3-AB was only detected at the post-hatching 
stages of development. This suggests that cryo-induced damage in the paternal genome is 
expressed, in terms of survival rate, relatively late during embryonic development of X. 
tropicalis after the key milestone stages of development such as first cell cleavage, gastrulation 
and neurulation. There is evidence which has shown that the adverse paternal effects are 
sometimes apparent as early as the pronuclear zygote stage and are likely attributed to 
centrosome dysfunction or deficiency of oocyte-activating factors (Tesarik et al., 2002). The 
findings in the present study are, however in agreement with reports which have shown that 
negative paternal effects, specifically DNA fragmentation, are expressed later in development in 
the form of repeated implantation failure in humans (Borini et al., 2006; Tesarik et al., 2004). 
These affects may be mediated by sperm aneuploidy, DNA damage or abnormal chromatin 
packaging, which can influence the orderly activation of paternal gene expression (Tesarik et al., 
2004). Indeed the data presented here indicate that cryo-induced DNA damage may be 
responsible for the decrease in survival of X. tropicalis embryos where DNA repair has been 
inhibited. Rainbow trout spermatozoa subjected to the same treatment revealed similar 
responses; high rates of death, especially during gastrulation, and low hatching rates (Pérez-
Cerezales et al., 2010). The decrease in survival in embryos produced from frozen spermatozoa 
but incubated in standard 0.1XMBS may be explained by insufficient maternally derived DNA 
repair activity in the zygote, which when treated with 3-AB is exacerbated in the form of further 
reduction in survival. It is possible that the effect of sperm freezing and treatment with 3-AB 
expressed at the post-hatching stage was due to the embryo having lethal defects which were 
unable to sustain the embryo during hatching. This process requires activation of the primary 
nervous system and significant movement of the embryo to hatch from the vitelline membrane.  
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In embryos where the occurring defects were not lethal, they became apparent during the 
development of X. tropicalis in the form of specific phenotypes. These deformities became 
apparent during/post gastrula and were not severe enough to be lethal but sufficient to 
produce abnormalities. This again is in keeping with previous studies which showed paternal 
effects in human embryonic development caused by sperm DNA fragmentation, in the form of 
repeated implantation failure (Tesarik et al., 2004) and poor survival at the gastrula stage in 
rainbow trout (Pérez-Cerezales et al., 2010). In X. tropicalis, activation of zygotic genes and 
differential expression of paternal genes marks the MBT (Collart et al., 2014; Lee et al., 2014) 
which leads to gastrulation, a process characterised by dramatic reorganisation of the germ 
layers. It is from this stage that the negative paternal effects in the form of defective 
phenotypes were observed in embryos derived from cryopreserved sperm, where DNA repair 
was inhibited. This is similar to the paternal effects of DNA-damaged spermatozoa in human 
embryos, which were observed after embryonic genome expression, and the orderly activation 
of paternal gene expression (Borini et al., 2006; Tesarik et al., 2004). The present study, the first 
observed paternal effect and the most common abnormality was the gastrula defect. 
Commonly regarded as a ‘boat-shaped’ morphology, this particular phenotype is characterised 
by deformed dorsal structures from failure of blastopore closure. As a result, structures of the 
nervous system fail to form. Interestingly, the gastrula defect has previously been identified in 
FGF down-regulated morphant embryos (Amaya et al., 1991) (Figure 4.10). The length of these 
embryos is also significantly shorter compared to normal embryos and proper tail bud 
structures also fail to form. This is the defining feature of the second most commonly occurring 
abnormality in embryos derived from frozen sperm, where DNA repair was inhibited. Both 
phenotypes therefore overlap with respect to posterior structures (Figure 4.11). In combination 
with the experimental advantages of using Xenopus as a model for development, this allows for 
a candidate gene approach to identifying genes affected by cryo-induced fragmentation in the 
spermatozoa. 
 
Many studies have identified abnormalities in sperm chromatin organisation as the basis for the 
adverse ‘paternal effects’ on poor reproductive outcome in ART (Benchaib et al., 2007; Niu et 
al., 2011; Simon et al., 2010, 2014; Virro et al., 2004). For example, the sperm of subfertile men 
are often characterized by increased DNA fragmentation (Irvine et al., 2000; Lopes et al., 1998) 
reduced chromatin condensation (Bianchi et al., 1996) and/or increased susceptibility to acid-
induced denaturation in situ (Spanò et al., 2000). Furthermore, altered genome packaging in 
spermatozoa such as defective transport of protamines can lead to sperm DNA damage. This 
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has been found in DPY19L2-deficient globozoospermic sperm which produce embryos with 
poor embryonic development (Yassine et al., 2015). This present study has shown evidence that 
reduced paternal genome integrity, following cryopreservation, can potentially compromise 
embryo survival and development. Indeed, strong correlations between paternal chromatin 
alterations and clinical pregnancy rates, in both IVF and ICSI, have been established (Benchaib et 
al., 2003; Morris et al., 2002). These authors have also suggested fertility to be an adversely 
affected parameter. However, the data presented here did not show this to be the case but 
rather, supports other studies which have shown sperm DNA damage to not effect fertilizing 
capacity (Niu et al., 2011; Pérez-Cerezales et al., 2010). Furthermore, the data not only provides 
in vivo evidence for the existence of cryo-induced sperm DNA damage, thus supporting SCD 
data presented in the previous chapter, but also reveals the potential for DNA-damage hotspots 
which are more susceptible to cryo-induced fragmentation. It is highly likely that this is 
associated with the differential packaging of paternal genes, particularly those required for 
totipotency, early development and imprinting patterns which are known to be linked to 
particular histone modifications and hypomethylated DNA regions ‘poising’ them for early 
transcription (Brykczynska et al., 2010; Hammoud et al., 2009; Ward and Coffey, 1991; Wu et 
al., 2011). Differential cryo-sensitivity of particular chromatin regions may be analogous to 
increased hyper sensitivity to acid-denaturation, and recently, it was shown that 8-
hydroxyguanosine (8-OHdG), a product of oxidative damage, co-localizes with H3 and TOPO2β 
at the histone-rich and nuclear matrix-attached domains following H2O2 treatment or 
cryopreservation of the spermatozoa (Noblanc et al., 2013).  
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Figure 4.10 Morphologic comparison between Wild-Type and Dominant Negative FGF 
Receptor Mutant Embryos. 
Stage 22 (late neurula) control embryos show normal formation of the neural groove where as 
in embryos injected with the dominant negative FGF receptor, XFD, exhibit incomplete closure 
of the blastopore. This is suggestive of defects in gastrulation and development of posterior 
structures which is also clearly visible at stage 30 (Amaya et al., 1991). 
 
 
 
 
 
 
 
Chapter 4                                                                                                                       Effect of 3-aminobenzamide 
98 
 
 
 
 
 
 
 
 
 
Figure 4.11 Summary diagram of the effects of inhibiting DNA repair in embryos derived 
from frozen spermatozoa with 3-AB. 
PARP inhibition in X. tropicalis embryos derived from cryopreserved spermatozoa causes a 
decrease in survival from gastrulation. Abnormal gastrulation becomes apparent from early 
neurula stages characterised by incomplete blastopore closure (red bar). As these gastrula 
defective embryos continue to develop, poor posterior development is observed from the early 
tailbud stages (striped red and yellow bar). In some embryos, this posterior abnormality is the 
main phenotype and again is observed at the early tail bud stages.    
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CHAPTER 5: A candidate gene approach to 
identifying potential DNA-damage hotspots in 
X. tropicalis 
 
5.1 Introduction 
The occurrence of mutant phenotypes, as revealed by DNA repair inhibitor treatment of 
embryos derived from cryopreserved sperm, has provided the impetus to study the genetic 
basis of such developmental consequences. Previously, it had been shown that the rate of post-
gastrula survival of loach fish embryos in similar experiments is significantly worse than control 
embryos (Kopeika et al., 2004). It is possible that cryo-induced DNA fragmentation in 
spermatozoa may be localised to genes which play key roles in gastrulation, which when 
transmitted to the offspring are dependent on zygotic repair mechanisms, or otherwise 
manifest in reduced post-gastrula survival and increased occurrence of defective phenotypes. 
We sought to exploit the experimental advantages of Xenopus as a model organism to 
investigate in more detail any changes in the expression of specific genes based on the 
predominant phenotypes of embryos derived from frozen sperm where DNA repair was 
inhibited, as observed in the previous chapter. 
 
Cell signalling is essential to the process of development and is one of the main mechanism by 
which differences in cell type and tissue patterning arise (Freeman and Gurdon, 2002). Such 
signalling predominantly results in altered gene expression (Zon et al., 1991). Gene expression 
in Xenopus can be readily analysed by localising proteins by immunohistochemistry or by 
analysis of mRNA transcripts by wholemount in situ hybridization (Gall and Pardue, 1969). Due 
to their relatively rapid development, embryos at different stages can be easily obtained and 
thus has helped in the generation of a call fate map (Dale and Slack, 1987), and a detailed 
staging system allowing for easy comparisons (Nieuwkoop and Faber, 1994). Gene expression in 
Xenopus can also be modified by loss-of-function experiments where antisense morpholino 
oligonucleotides (MO) (Heasman et al., 2000) and dominant negative receptors have been used 
such as the dominant negative fibroblast growth factor (FGF) receptor which was used to study 
the role of FGF signalling in mesoderm induction (Amaya et al., 1991). Together, these 
techniques have allowed links to be made between phenotypic changes and associated 
molecular pathways in many cases. This allows for a candidate gene approach in seeking to find 
the genetic basis of observed phenotypes.  
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The morphology of the predominant phenotype identified as a consequence of inhibiting DNA 
repair in embryos derived from frozen sperm suggests that gastrulation in these embryos is 
defective. Gastrulation is the process where the embryo undergoes dramatic morphogenetic 
rearrangements resulting in three-dimensional organization of the germ layers which, in turn, 
give rise to meso-endoderm and subsequent neural induction (Lamb et al., 1993). Movements 
of gastrulation are initiated by the Spemann Organizer, which is located at the dorsal lip of the 
blastopore and secretes proteins when it receives signals from the Nieuwkoop center 
(Nieuwkoop, 1973; De Robertis et al., 2000). Among these proteins are chordin (Oelgeschläger 
et al., 2003) and noggin (Smith and Harland, 1992), which enable the formation of a secondary 
axis in dorsal lip transplants (as reviewed in Sander and Faessler, 2001). These inhibit the 
epidermalizing induction of bone morphogenic proteins (BMPs) (which belong to the TGFβ 
family of paracrine factors) that promote ventral fates (Reversade et al., 2005) by upregulating 
ventral marker such as wnt8 and vent1.2 which are transcriptional repressors of the organiser 
genes encoding the BMP inhibitors (Kimelman and Pyati, 2005). As a result of this antagonistic 
relationship between BMPs from the ventral side and BMP antagonists emanating from the 
organiser, the ectoderm on the dorsal side does not receive BMP signals and so becomes neural 
tissue (Harland, 2000).  
 
It has been shown that fgf8 induces mesoderm and neural tissue specification during Xenopus 
development; it is expressed in the presumptive mesoderm during gastrulation and is involved 
in a feedback loop with brachyury (Xbra), a mesodermal marker (Smith et al., 1991). FGF8 Acts 
through MAP kinase signal transduction. Interestingly, the same ‘boat-shaped’ phenotype that 
was observed when cryopreserved sperm were used to fertilize in the presence of 3-AB has 
been reported in dominant negative FGF receptor mutant Xenopus embryos (Amaya et al., 
1991) and in embryos where the MAP kinase cascade was disrupted by MAPK phosphatase 
(Gotoh et al., 2001). 
 
In this chapter, embryological and biochemical techniques were used to analyse the gastrula 
defects observed in embryos derived from cryo-damaged spermatozoa and treated with 3-AB in 
more detail.  
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5.2 Results 
 
5.2.1 Downregulation of key gastrula genes 
To test whether cryo-damaged sperm samples affected the expression of key developmental 
genes, with particular attention to gastrula markers, due to the boat-shaped phenotype 
observed in the previous chapter, embryos were produced through IVF using eggs from a single 
female X. tropicalis and fertilized with fresh sperm from an individual male and frozen sperm 
from another male. A selection of these embryos from each biological replicate (i.e. from each 
female) was cultured in either 0.1 X MBS or 15 mM 3-AB (see Materials and Methods) and were 
then fixed in MEMFA at stage 10.5 for analysis by in situ hybridization, since the later 
phenotypes indicated gastrula stage defects. A selection of key gastrula markers were used to 
test to whether expression of these genes was affected by the freeze-thaw process of sperm 
cryopreservation and therefore potentially identify genes or regions of the genome which are 
more susceptible to damage. Expression of the dorsal markers chordin and goosecoid did not 
differ in embryos produced from fresh or frozen spermatozoa and incubated in either 0.1 X MBS 
or 15 mM of 3-AB (Figure 5.1g-j and Figure 5.2g-j). However, whilst expression of the ventral 
markers wnt8a and vent1.2 was shown to be normal in control embryos (Figure 5.1c-f and 
Figure 5.2c-f), embryos produced from frozen sperm where DNA-repair had been inhibited 
showed significantly reduced staining (Fig. 5.2d and f) compared to control embryos, as was 
fgf8 (Figure 5.2b).  
 
RT-PCR was also carried out using primers to amplify fgf8 cDNA in embryos from each of the 
four experimental groups. Consistent with reduced levels of fgf8 mRNA staining shown in the 
wholemount in situ hybridization analysis, RT-PCR analysis showed undetectable fgf8 expression 
(Figure 5.3a). This was repeated on another sample of stage 10.5 embryos obtained from a 
separate biological replicate and reduced expression of fgf8 was again detected in embryos 
produced from frozen sperm and treated with 3-AB (Figure 5.3b). To test whether 
downregulation of fgf8 was a result of damage or fragmentation to the fgf8 sequence within 
the genome or as a consequence of damage or fragmentation of an upstream gene we also 
carried out RT-PCR on samples of embryos from the same biological replicate which showed an 
absence of fgf8 expression.  Tbx6 has previously been shown to be required for FGF and Wnt 
signalling (Li et al., 2006). Figure 5.3 shows that expression of Tbx6 was maintained in control 
samples, but was reduced in embryos derived from frozen sperm and treated with 3-AB. 
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5.2.2. Rescue of Xbra in embryos derived from frozen sperm and treated with 3-AB. 
Expression of brachyury (Xbra) occurs as a result of mesoderm induction in Xenopus and is 
dependent on FGF signalling (Smith et al., 1991). Wholemount in situ hybridization of Xbra was 
carried out to test whether there was a downstream effect of fgf8 downregulation. Figure 5.4a-
c shows the normal expression pattern of Xbra in embryos produced from fresh sperm and 
frozen sperm where the embryos were incubated in 0.1 X MBS. However, when frozen sperm 
was used to produce embryos which were then incubated in the DNA repair inhibitor, the Xbra 
expression pattern was defective; it was either distinctly less intense, formed an incomplete ring 
or a combination of both (Figure 5.4d-f). To test whether the mutant Xbra phenotype could be a 
result of fgf8 loss, 100pg of mRNA encoding the fgf8a isoform was injected into the equatorial 
region of one dorsal cell of the four-cell-staged embryos derived from frozen sperm which 
fertilized eggs from a single female, and then incubated in 15 mM 3-AB. These embryos were 
then grown to stage 10.5 and Xbra gene expression was analysed by wholemount in situ 
hybridization. Embryos from the same crossing which were incubated in 3-AB served as 
uninjected controls. Only 11 out of 19 (52 %) embryos exhibited the normal Xbra expression 
pattern in the controls whereas in the injected embryos, on the other hand, 18 out of the 21 (80 
%) revealed normal Xbra expression pattern. This suggests that the reduced Xbra expression 
observed in embryos derived from frozen spermatozoa and incubated in 3-AB may have been, 
in part, the consequence of fgf8 downregulation.  
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Figure 5.1 Wholemount in situ hybridization of gastrula markers in X. tropicalis embryos 
derived from fresh spermatozoa. 
WISH was performed on stage 10.5 embryos derived from fresh spermatozoa which were then 
incubated in either 0.1 X MBS or 15 mM 3-AB. These were hybridised with probes specific for 
fgf8 (a, a’, b, b’), vent1.2 (c, c’, d, d’), wnt8a (e, e’, f, f’), goosecoid (g, g’, h, h’) and chordin (i, i’, j, 
j’) to observe any changes in gene expression. Analysed embryos were bisected along the dorso-
ventral axis to reveal internal staining patterns (dashed line). The level of staining of these 
gastrula markers was consistent and remained unchanged when incubated in either 0.1 X MBS 
or 15 mM 3-AB suggesting expression of these gastrula markers, and therefore gastrulation, is 
normal in fresh control embryos. Whole embryos were photographed from a vegetal 
perspective (a-j) and bisected embryos were photographed with the dorsal side on the right and 
the ventral side on the left (a’-j’). 
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Figure 5.2 Wholemount in situ hybridization of gastrula markers in X. tropicalis embryos 
derived from frozen spermatozoa. 
WISH was performed on stage 10.5 embryos derived from frozen spermatozoa which were then 
incubated in either 0.1 X MBS or 15 mM 3-AB. These were hybridised with probes specific for 
fgf8 (a, a’, b, b’), vent1.2 (c, c’, d, d’), wnt8a (e, e’, f, f’), goosecoid (g, g’, h, h’) and chordin (i, i’, j, 
j’) to observe any changes in gene expression. Embryos were bisected along the dorso-ventral 
axis to reveal internal staining patterns (dashed line). Normal expression levels of all gastrula 
markers were observed in embryos incubated in 0.1 X MBS where as in embryos incubated in 3-
AB, there was reduced staining of fgf8 (b and b’) the ventral markers vent1.2 (d and d’) and 
wnt8a (f and f’). Goosedcoid and chordin were unaffected in embryos incubated in 0.1 X MBS 
and 3-AB. Whole embryos were photographed from a vegetal perspective (a-j) and bisected 
embryos were photographed with the dorsal side on the right and the ventral side on the left 
(a’-j’). 
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Figure 5.3 The expression of fgf8 and tbx6 in X. tropicalis embryos derived from fresh and 
frozen spermatozoa. 
Total RNA was extracted from 10 embryos produced from either fresh or frozen sperm which 
were incubated in either 0.1 X MBS or 15 mM 3-AB. Reverse transcriptase was then used to 
produce cDNA. Primers were used to amplify fgf8 in each biological sample represented in a 
single lane. Amplification of fgf8 produced two bands, each corresponding to a different 
isoform; the top band was produced by fgf8b and the bottom band was produced by fgf8a. 
These bands were present in all biological samples except for the sample from embryos 
produced from frozen sperm and incubated in 15 mM 3-AB. This was also the case in a separate 
biological replicate where embryos were produced from a different male and female. Tbx6 was 
expressed in control samples but slightly reduced in embryos derived from frozen spermatozoa 
and treated with 3-AB. ODC levels were consistent between samples in replicate 1 but slightly 
lower in replicate 2 for the frozen with 3-AB sample. 
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Figure 5.4 Wholemount in situ hybridization of brachyury in X. tropicalis and rescue of 
brachyury. 
WISH was performed on stage 10.5 embryos derived from fresh or frozen spermatozoa which 
were then incubated in either 0.1 X MBS or 15 mM 3-AB. These were hybridised with a probe to 
reveal any changes in Xbra expression. Defective Xbra expression was observed in embryos 
produced from frozen sperm which were incubated in 3-AB. This was revealed either as reduced 
staining intensity (d), incomplete staining of the mesoderm (red arrow, e) or a combination of 
both (f). These phenotypes constituted the majority of embryos produced from frozen sperm 
and incubated in 3-ab. Normal Xbra expression was observed in all other biological samples. To 
rescue this altered Xbra phenotype, 100pg of fgf8a was injected into one of the cells in four-cell 
embryo which had been produced from frozen sperm and incubated in 3-AB (g). Xbra 
patterning was normal in 80 % of injected embryos (n=21) compared to 52 % of uninjected 
embryos (n=19) (h).  
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5.2.3. Intra-cellular signalling downstream of fgf8 is affected in embryos produced from 
frozen spermatozoa  
Having found that a target gene for FGF8, brachyury, was affected by cryopreservation and 3-AB 
treatment we were interested to test whether the signalling pathway between Fgf8 and 
brachyury was also affected. Embryos from each biological sample were frozen down at stage 
10.5 and proteins were extracted and analysed by western blot using an antibody against Erk 
(extracellular signal-regulated kinase) and phosphorylated Erk (phospho-Erk). The western blot 
showed that phosphorylation of Erk was downregulated by the cryopreservation process. 
However, there was also a decrease in the intracellular amount of total Erk, an intrinsic 
component of the FGF signalling pathway (Figure 5.5).  
 
5.2.4. Assessment of neural markers 
To investigate later effects of DNA repair inhibition in embryos derived from cryopreserved 
spermatozoa, expression of the neural markers Islet1, krox20 and twist was tested in embryos 
which had survived gastrulation and analysed (by wholemount immunohistochemistry and 
wholemount in situ hybridization). We found that krox20 expression was not affected but that 
twist expression was downregulated (Figure 5.6). There were also fewer nuclei of primary 
neurons in embryos derived from frozen spermatozoa and treated with 3-AB compared to 
controls (Figure 5.7). 
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Figure 5.5 FGF intracellular signalling in embryos produced from fresh and frozen 
spermatozoa. 
FGF initiates a signal transduction pathway which leads to the activation of target genes. FGF 
receptors function as dimers which, when bound to FGF ligand, are phosphorylated. This, in 
turn, triggers a Map kinase signalling cascade involving the phosphorylation of intracellular 
factors including Raf, MEK and Erk1/2, which ultimately results in the phosphorylation of 
transcription factors (TF) and subsequent binding and activation of target genes (a). Western 
blot analysis showed that in the control embryos endogenous Erk1/2 (1:1000 1° antibody 
dilution) and phosphorylated Erk1/2 (1:2000 1° antibody dilution) was present. However, in 
embryos treated with 3-AB and were derived from frozen spermatozoa, not only was 
phosphorylated Erk1/2 absent, there was also a reduced level of endogenous Erk1/2. H3 served 
a loading control (1:3000 1° antibody dilution) (b).  
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Figure 5.6 Wholemount in situ hybridization of krox20 and twist. 
WISH of neural markers krox20 and twist was carried out in embryos derived from fresh and 
frozen spermatozoa. Expression of krox20 in the rhombomeres of the primitive brain was 
unaffected when embryos were incubated in 15mM 3-AB (a-d). Normal expression patterns of 
twist in the neural crest (black arrows) (e-g) were observed on control embryos while the 
expression was defective in embryos derived from frozen spermatozoa and treated with 15mM 
3-AB (red arrows) (h). 
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Figure 5.7 Wholemount immunohistochemistry analysis of Islet1 in embryos produced from 
fresh and frozen spermatozoa. 
Embryos were fixed at stage 14 and immunohistochemistry analysis was carried out using the 
Islet1 antibody (1:200 dilution) (a-d). The stained nuclei of primary neurons were counted in 9 
embryos from each group and the mean and SEM was calculated and plotted. Embryos derived 
from frozen sperm and treated with 15mM 3-AB had significantly fewer primary neuron nuclei 
compared to the control groups. A two-sample t-test was performed and significant differences 
are noted as: **(P ≤ 0.01), ***(P ≤ 0.001). 
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5.3 Discussion 
 
Crucial to the success of early embryonic development is the transmission of an intact genome 
delivered from the fertilizing spermatozoa. This is particularly important for aquatic organisms 
where environmental factors may have detrimental effects on genome integrity during sperm 
transit to the eggs. The freeze-thaw process of cryopreservation has also been shown to cause 
DNA fragmentation and this has recently has become a major concern within the field of ART. 
The extent and nature of cryo-induced DNA damage has become increasingly well 
characterised, particularly with the development of standardized techniques (González-Marín et 
al., 2012; Gosálvez et al., 2014). These techniques provide general insights into the extent and 
nature of such damage but little is known of the locality of the damage within the genome and 
whether there are regions which are more susceptible to damage than others. In this chapter, a 
candidate gene approach was employed to test whether specific genes were affected. This 
method identified the gastrula markers fgf8, wnt8 and vent1.2 as potential targets of DNA 
damage caused by the freeze-thaw process of cryopreservation. 
 
Expression of fgf8 was the most affected gene out of the five candidate genes in embryos 
derived from frozen sperm where DNA repair was inhibited, while in fresh and frozen control 
embryos it was unaffected. This suggests that fgf8 is more prone to damage than the other 
candidates in the spermatozoa when frozen and thawed. In addition to FGF8 playing a crucial 
role in early mesoderm induction, FGF signalling is required for vertebrate AP patterning; the 
inhibitory action of a dominant negative FGF receptor which lacked the tyrosine kinase domain 
produced embryos that were grossly deformed by early neurula stages suggesting that 
gastrulation is the origin of the strong posterior and dorsal defects in fgf-defective Xenopus 
(Amaya et al., 1993).  
 
A downstream target of FGF signalling is Xbra and in embryos produced from frozen sperm and 
treated with DNA repair inhibitor this gene was downregulated, consistent with downregulation 
of Fgf8 in morphant embryos. Interestingly, in addition to reduced staining intensity seen in 3-
AB-treated embryos produced from frozen sperm, an incomplete brachyury ring around the 
marginal zone of the embryo was observed. This is not surprising since the same phenotype was 
documented in embryos injected with a translation blocking morpholino and a splice-blocking 
morpholino against FGF8 (Fletcher et al., 2006). To test whether the down regulation of Xbra 
seen in embryos from frozen spermatozoa could be due to a lack of FGF8 signalling, we 
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attempted to rescue Xbra expression by injecting exogenous Fgf8a mRNA. This increased the 
number of embryos with normal Xbra expression by 28 % compared to uninjected controls. 
However, this is only preliminary data involving small numbers and further replicates would 
need to be performed.  
 
WISH analysis of the hindbrain transcript krox20 revealed it was not affected in embryos 
produced from frozen sperm and treated with 3-AB, but the neural crest marker twist was 
defective in these embryos. In addition, immunohistochemistry of Islet1 showed that there 
were significantly fewer nuclei of primary neurons compared to fresh and frozen controls. This 
suggests that embryos which had gastrulated successfully still displayed developmental defects 
relating to nervous system formation. Neural tube closure also appeared defective with a slight 
gap between the neural folds. The precise reasons for this are likely to be complex and will 
require further testing. 
 
To investigate whether the reduced level of fgf8 expression in morphant embryos is a 
consequence of cryoinduced DNA damage of an upstream gene, RT-PCR analysis of Tbx6, which 
encodes a T-box transcription factor, was carried out. It has been shown in mice and Xenopus 
embryos that Tbx6 is required for formation of posterior structures (Chapman and 
Papaioannou, 1998; Lou et al., 2006) Lou et al (2006) used a morpholino to knockdown Tbx6 in 
Xenopus which resulted in posterior defects and reduced expression of wnt8, FGF8 and Xbra. 
The authors concluded that wnt8 and fgf8 were downstream targets of tbx6. This, in addition to 
similar posterior defects observed in the phenotypes of morphant embryos in the previous 
chapter, pointed towards Tbx6 as a potential candidate for targeted cryoinduced DNA damage 
and offer a possible upstream explanation of fgf8 downregulation. The RT-PCR analysis revealed 
that expression of Tbx6 was present but slightly reduced in embryos derived from frozen 
spermatozoa and treated with 3-AB. The detrimental effects on fgf8 and wnt8 expression could 
therefore have been the result of DNA damage to Tbx6. 
 
The dorsal markers chordin and goosecoid remained unaffected in embryos produced from 
frozen sperm and then treated with 3-AB. This is not in concordance with what was speculated 
in loach fish embryos where an increased occurrence of axial defects in the form of two axes is 
consistent with upregulation of chordin (Sasai et al., 1994) and goosecoid (Kelly et al., 1995) in 
embryos produced from frozen spermatozoa with eggs from a single female, and then treated 
with 3-AB (Kopeika, 2003). It is possible that the observation by Kopeika (2003) was a maternally 
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driven phenotype (Pelegri, 2003) or that DNA damage hotspots vary between species, possibly 
due to differences in chromatin packaging. 
 
FGF signalling involves receptor tyrosine kinase activity and the phosphorylation of several 
intracellular factors including Erk and subsequent activation of transcription factors, culminating 
in the transcription of target genes. Phosphorylated ERK was used as an indicator of active FGF 
signalling during development of embryos produced from fresh and frozen spermatozoa. 
Western blot analysis showed that phospho-Erk was reduced suggesting that the signalling 
pathway was impaired and therefore no subsequent activation of target genes. However, 
endogenous Erk was also reduced. Given that the detection of H3 was consistent between the 
control samples and the test sample, one possibility which could explain reduced endogenous 
Erk levels is that Erk expression was downregulated in addition to fgf8 or that direct protein 
damage to Erk may have occurred. Attempts to rescue Erk in embryos produced from frozen 
sperm and treated with 3-AB may support the possibility of Erk downregulation, and further 
western blot analysis using antibodies against other components of the signalling pathway may 
verify that there is indeed a specific cryo-induced effect on endogenous Erk and phospho-Erk 
levels. It would also be beneficial to repeat the western blot to ensure that transfer problems 
during the experiment did not produce a false positive result. 
 
The subsequent developmental effects of fertilizing eggs with cryo-damaged DNA and where 
DNA repair had been inhibited produced embryos with a phenotype very similar to FGF 
morphant embryos. The genetic basis of this phenotype was explored using a range of classic 
embryological and biochemical techniques which point towards fgf8 expression being directly 
down regulated by cryopreservation. This finding showed that specific genes were being 
affected by cryopreservation and encouraged us to consider identifying these genes en masse.  
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CHAPTER 6: Transcriptome analysis of X. 
tropicalis embryos derived from cryopreserved 
spermatozoa   
 
6.1. Introduction  
The simultaneous advances in high-throughput sequencing and analysis with bioinformatic tools 
has dramatically changed the analytical landscape in a wide range of fields such as biomedicine, 
evolutionary and developmental biology and molecular ecology. It has allowed for large scale 
investigations such as the evolution of gene expression profiles, the genetic basis of local 
adaptation (Wolf, 2013) or genetic variance in complex diseases (Li et al., 2014). Importantly, 
this technology has enhanced, or as many would argue, surpassed candidate gene approaches 
in connecting phenotype with genotype.  
 
The transcriptome is the full range of mRNA expressed either by a tissue or by an organism, at a 
particular time under specific conditions, which identifies a useful, functionally relevant subset 
of the genome (Wolf, 2013). Transcriptome profiles can therefore be used to investigate 
differences in gene expression patterns between populations, for example in the context of 
speciation (Wolf et al., 2010), or to examine changes in gene expression patterns during embryo 
development (Lee et al., 2014).  
 
Our overall strategy for transcriptomic analysis was to compare the gene expression patterns of 
embryos derived from either fresh or frozen spermatozoa and treated with a DNA repair 
inhibitor This involved sequencing the total extracted RNA from whole embryos derived from 
fresh or frozen sperm, but using eggs from a single female. To strengthen our data and to 
increase our chances of collecting data that is most representative of any effect from using 
frozen sperm, we analysed the transcriptome of three biological replicates, each replicate from 
a single female. The experiment also involved multiple technical replicates of each sample. A 
more in-depth analysis of 3-AB treated gastrula embryos derived from frozen spermatozoa 
could help in the understanding of the extent of primary effects of cryo-induced sperm DNA 
damage and therefore the detrimental paternal contribution to the offspring’s genome. In this 
study, we exploited the tractable genomic resources available for X. tropicalis, which are 
superior to many other model organisms, to examine the possible consequences of PARP 
inhibition and to reveal the effects of cryo-induced sperm DNA damage. 
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6.2 Results 
To discover whether there were genes that, like fgf8 as described in chapter 5, showed altered 
expression in embryos derived from frozen sperm we undertook transcriptome analysis from 
gastrula (stage 10.5) embryos derived from the same clutch of eggs but fertilised with either 
frozen or fresh sperm in the presence of, 3-AB, a DNA repair inhibitor. We used three biological 
replicates and three technical replicates for each of these, giving 18 samples in all. 
 
Analysis of the results showed that there were 84 genes that changed expression significantly 
(Wald test, p<0 05). Of these, two-thirds were down-regulated and one-third up-regulated in 
the embryos derived from frozen sperm when compared to those fertilised by fresh ones (Table 
6.1). The genes whose mRNA levels were altered were expressed in a wide range of cell types 
with no apparent bias toward any germ layer (Xenbase). Since the changes were driven by 
physical damage to the sperm genome and would therefore be unlikely to be in the same 
biological pathway we could not rely on pathway-specific genes changing together to give us 
confidence that our results were biologically meaningful. If however any damaged pathways 
were activated between fertilisation and early gastrulation then we would see co-ordinate 
expression changes; this would show that we were not solely detecting the genes affected by 
cryopreservation but also the downstream consequences of their altered expression. We tested 
this by putting the altered genes into the Database for Annotation, Visualisation and Integrated 
Discovery (DAVID) (Dennis et al, 2003). There were no gene clusters, nor were there any 
pathways identified in the gastrula embryo as being affected as a result of sperm freezing.  
 
As an alternative approach to increasing our confidence that the data obtained were biologically 
meaningful we reasoned that, if the changes we had observed were truly a result of gene 
damage and not simply random, then the genes that we saw down regulated would normally be 
increasing their expression between fertilisation and gastrulation. Similarly, the genes that we 
saw up regulated would normally be decreasing or have relatively low levels of expression. We 
were able to take advantage of the high-resolution developmental profiles of X. tropicalis mRNA 
levels assayed in the Gilchrist lab (Collart et al., 2014) to test this. We searched for the 
expression profiles of the 12 most altered up or down regulated mRNAs, and these are 
displayed in Figure 6.1. We found that all of the genes down regulated in embryos derived from 
frozen sperm normally increased their expression during early development (Figure 6.2b) whilst 
those up-regulated normally decreased their expression or were expressed at low but 
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consistent levels (Figure 6.2c). This proportion is far higher than that by chance, only 1/10 genes 
alters expression in this period (Collart et al., 2014).  
 
Having gained confidence that the changes we saw were biologically based we hypothesised 
that they might reflect a few “hotspots” of DNA damage in the frog genome. We therefore 
plotted them onto the X. tropicalis chromosomes using version 8.0 of the genome sequence 
from Xenbase (Figure 6.2). Of the list of differentially expressed genes (DEGs), 8 were mapped 
to scaffolds which do not yet map to a chromosome location. The genes with altered expression 
from cryopreserved sperm are generally distributed across the genome although there are 
regions that have very few, for example the mid-sized chromosome 6 has only a single affected 
gene. There is also some evidence of clusters of two or three affected genes; examples are 
marked with yellow boxes on chromosomes 1, 2, 3, 4, 8, 9 and 10. The chromosome locations of 
the genes within these clusters are shown in Table 6.3. We also included transcript counts for 
each chromosome to normalize the occurrence of these gene hits. 
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Gene  Function Anatomical expression Interactants  Disease 
Association 
log2 fold-
change 
zhx3 Transcriptional 
repressor 
Ectoderm, 
endomesoderm, upper 
blastopore lip 
- - -4.35 
kars lysyl-tRNA synthetase Keller explant, bone 
tissue, ectoderm, 
endomesoderm 
hsd17b12, aars, lif Charcot-
marie-tooth 
disease 
Deafness, 
autosomal 
recessive 89 
-4.327 
carkd  Predicted sugar kinase Brain, egg, 
endomesoderm, eye, 
head, intestine 
- - -4.309 
ubqln4 Ubiquitin protein Keller explant, brain, CNS, 
ectoderm, egg, 
endomesoderm 
fgfr4, myo6, 
hoxb3, sox6 
- -4.182 
psmd3 26S proteasome 
regulatory complex, 
subunit RPN3/PSMD3 
Bone tissue, ectoderm, 
endomesoderm, head  
- - -4.164 
eif3l  RNA polymerase I- 
associated factor 
Keller explant, animal cap, 
brain, ectoderm, 
endomesoderm, 
mesonephric kidney 
- - -4.102 
coq6 Monooxygenase 
involved in coenzyme 
Q (ubiquinone) 
biosynthesis 
Brain, eye, head, 
mesonephric kidney, 
ovary, testis 
- Coenzyme 
Q10 
deficiency, 
primary, 6; 
COQ10D6 
-4.05 
znhit2  Predicted Zn-finger 
protein 
Endomesoderm, head, 
liver, ovary, oviduct, testis 
- - -4.034 
eif2a Predicted translation 
initiation factor 
related to eiF-3a  
Keller explant, bone 
tissue, brain, CNS, 
ectoderm, egg, 
endomesoderm 
cdk1, dnajb2, eif5, 
frat1, rab40b 
- -4.027 
fscn1 Actin-bundling 
protein 
Keller explant, animal cap, 
anterior neural tube, 
brain 
actl6a, aicda, was, 
cdc42 
- -4.01 
nup188 Uncharacterised 
conserved protein 
Anterior neural fold, 
chordal neural plate, 
ectoderm, 
endomesoderm, head 
nup205/62/93/98, 
aldh1a1 
- -4.008 
eif4enif1 Eukaryotic translation 
initiation factor 4E 
nuclear import factor 
1 
Keller explant, brain, 
intestine, oocyte, testis, 
upper blastopore lip 
- - -4.005 
snx1 Membrane coat 
complex retromer, 
subunit VPS5/SNX1, 
sorting nexins, and 
related PX domain-
containing proteins 
Keller explant, brain, egg, 
eye, head, intestine, limb, 
liver, lung, mesonoephric 
kidney, oocyte, testis 
- - -4.929 
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dtymk Thymidine 
kinase/adenylate 
kinase 
Keller explant, brain, CNS, 
ectoderm, egg, eye, head, 
limb 
- - -3.939 
samd4a - Brain, egg, skeletal 
muscle, testis 
- - -3.928 
angpt4 Ficolin and related 
extracellular proteins 
Animal cap, anterior, 
blastopore lip, ectoderm, 
mesoderm 
anos, fgfr4, foxd3, 
myo1d, sox10, 
snai2  
- -3.927 
ngdn Protein involved in 
rRNprocessing 
Ectoderm, egg, 
endomesoderm, head 
cd38, eif4e, eifg1, 
ins, tacc3 
- -3.923 
stx5 SNARE protein 
SED5/Syntaxin 
Brain, CNS, ectoderm, 
egg, head, testis, ovary 
nanos1, tubb4a, 
sec61a1, slc25a20 
- -3.889 
hpdl 4-
hydroxyphenylpyruvat
e dioxygenase  
Egg, oocyte, ovary, tail, 
testis, thymus, whole 
organism 
admp, admp2, 
acvr1b, adamts1, 
adap1, ag1 
- -3.859 
adnp Homeodomain 
transcription factor 
Brain, ectoderm, 
endomesoderm, testis, 
upper blastopore lip 
- Mental 
retardation, 
autosomal 
dominant 
-3.85 
kpnb1 Karyopherin 
(importin) beta 1 
Lateral plate mesoderm 
brain, ectoderm, 
endomesoderm 
ran, ipo7, tpr, 
xpo1, dnaja2, 
dnajc27 
- -3.841 
sds 
 
Threonine/serine 
dehydtratase 
Bone tissue, ectoderm, 
head, somite, testis 
act3, cdk2, 
hoxc10/5/8, 
myod1, tnf 
- -3.838 
dnajc14 - Brain, egg, head, heart, 
ovary, testes 
- - -3.799 
sebox  Homeodomain 
transcription factor 
Keller explant, whole 
organism 
- - -3.796 
fat1 Cadherin/protocadher
in superfamily, cell 
adhesion/signal 
transduction 
Keller explant, brain, 
ectoderm, head, eye, limb 
aplnr, fgfr2, foxf1, 
myod1, rab40b  
- -3.792 
cmtm3 
 
Members of 
chemokine-like factor 
super family related 
proteins 
Endomesoderm, spleen, 
testis, thymus 
- - -3.779 
prpf6 HAT repeat protein Brain, ectoderm, 
endomesoderm, eye 
- - -3.774 
tpmt  - Keller explant, brain, 
cornea, endomesoderm, 
head 
pitx1, anxa2,  shh, 
snai2, sox3, 
ube2j1 
Thiopurine S-
methyltransfe
rase 
deficiency 
-3.771 
dnajc25 Molecular chaperone Keller explant, bone 
tissue, brain, ectoderm 
egg, endomesoderm 
- - -3.753 
tbx2 T-box transcription 
factors 
Circulatory system, cranial 
neural crest, involuted 
ventral mesoderm, neural 
tube 
Pax3/2/6/8, 
sox2/9, tbx1/5, 
shh, gsc, foxd3, 
myod1, vegt, cer1, 
wnt11b 
- -3.721 
gprc5c Metabotropic 
glutamate, GABA-B-
like receptor 
Keller explant, ectoderm, 
endomesoderm, eye, 
whole organism 
- - -3.712 
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galm Predicted mutarotase Bone tissue, brain, egg, 
intestine, lung 
- - -3.695 
esyt3 Ca2+-dependent lipid-
binding protein 
CLB1/vesicle protein 
vp115/Granuphilin A, 
contains C2 domain 
Keller explant, ectoderm, 
egg, intestine, oocyte, 
ovary 
esyt1/2, fgfr1, 
mapk1 
- -3.676 
flt1 - Blood vessel, circulatory 
system, endomesoderm, 
mesonephric kidney 
flt4, kdr, vegfa, 
gata2, runx1, tal1 
- -3.669 
cdk11b Protein kinase Keller explant, bone 
tissue, CNS, ectoderm, 
egg 
cdh1, cdk19, cdk7, 
herpud1, ran, tpx2  
- -3.661 
heatr5b Uncharacterised 
conserved protein 
Bone tissue, brain, CNS, 
egg, lung, ovary 
- - -3.634 
sept6 Septins (P-loop 
GTPases) 
Brain, CNS, 
endomesoderm, eye, 
head 
- - -3.617 
eef2.1 Eukaryotic translation 
elongation factor 
Keller explant, bone 
tissue, brain, central 
nervous system 
eef2.2, acta1, 
actg1, actn3, ahcy 
Spinocerebe
llar ataxia 
26 
-3.365 
phlpp2 Serine/threonine 
phosphatase 
Brain, heart, intestine, 
mesonephric kidney, 
stomach 
- - -3.197 
c2orf49 Cell 
survival/anteroposteri
or patterning 
Keller explant, anterior 
neural fold, brain, CNS 
aqp1/4/5, bmp4, 
nog, rhag 
- -3.18 
uap1 UDP-N-
acetylglucosamine 
pyrophosphorylase 
Keller explant, bone 
tissue, cement gland, 
central nervous system 
ap2a1, arcn1, bpi, 
capn2, cask 
- -3.117 
ap1b1 Vesicle coat complex 
AP-1/AP-2/AP-4, beta 
subunit  
Keller explant, animal cap, 
brain, CNS, ectoderm, 
egg, upper blastopore lip 
- - -3.06 
spc25 Uncharacterized 
conserved protein 
Keller explant, ectoderm, 
egg, endomesoderm, 
head, skin, testis 
btg3, bub1, bub3, 
ccnb1.2 
- -3.047 
vcl Cytoskeletal protein Keller explant, brain, 
ectoderm, egg, 
endomesoderm, eye, 
head, heart, lens 
actl6a, atp1b1, 
eif3c, fn1, isyna1, 
itgb1 
Cardiomyop
athy 
-2.979 
anxa2 Annexin  Keller explant, blood, 
brain, CNS, ectoderm, 
endoderm, notochord 
cdk1, anxa1, 
pold1, foxa4 
- -2.968 
eif3i Eukaryotic translation 
initiation factor 3, 
subunit 1 
Keller explant, bone 
tissue, brain, central 
nervous system, 
ectoderm, egg, 
endomesoderm, eye 
psmc5 - -2.957 
akirin2 Uncharacterised 
conserved protein 
Keller explant, brain, CNS, 
egg, endomesoderm 
- - -2.824 
oaz1 Enzyme inhibitor Bone tissue, brain, 
ectoderm, head, upper 
blastopore lip 
- - -2.781 
pdap  - Bone tissue, CNS, 
ectoderm, egg, heart 
- - -2.58 
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tcof1 - Brain, CNS, ectoderm, 
endomesoderm, 
mesonephric kidney 
nop56, ubtf Treacher 
Collins 
Syndrome 
-2.417 
hsp90ab
1 
Endoplasmic 
reticulum glucose-
regulated protein 
Bone tissue, brain, eye, 
head, upper blastopore 
lip, heart 
myod1, hsp70, 
araf, actb 
- -2.314 
nsa2 Uncharacterised 
conserved protein 
related to ribosomal 
protein S8E 
Keller explant, animal cap, 
blood vessel, bone tissue, 
brain CNS, circulatory 
system 
- - -2.87 
conserved 
hypothetic
al protein 
Histone H1 Bone tissue, brain, eye, 
head, heart, oviduct 
- - -2.038 
cirbp Cytoplasmic RNA-
binding protein 
Keller explant, anterior 
neural fold, brain central 
nervous system 
tcf3, lef1, otx2, 
sox2, sox3, six3, 
lef1 
- -1.783 
eif4a3 ATP-dependent RNA 
helicase 
Brain, central nervous 
system, ectoderm, 
endomesoderm, heart, 
limb 
eif4a1,bmp4, 
fgfr4, sox2 
Robin 
sequence 
with cleft 
mandible 
and limb 
anomalies 
-1.671 
 
srsf1 Alternative splicing 
factor 
Keller explant, animal cap, 
brain, central nervous 
system 
cdk1, pold1, ank1, 
chuk, clk1 
- -1.563 
hmgb3 HMG box-containing 
protein 
Keller explant, animal cap, 
bone tissue, brain, central 
nervous system 
gal.2, pax6, rax, 
six6, calb1 
Syndromic 
microphthal
mia 
-1.511 
ncl Polyadenylate-binding 
protein 
Keller explant, brain, 
central nervous system, 
ectoderm 
slc26a9, eif3a - -1.349 
 
 
Table 6.1 Downregulated genes 
List of the genes in embryos derived from frozen spermatozoa, and treated with 3-AB, that were 
downregulated. They are in decreasing order of fold change in expression. 
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Gene  Function Anatomical expression Interactants  Disease 
Association 
log2 fold-
change 
syngr1 Synaptic vesicle 
protein 
Anterior, axial mesoderm, 
brain, central nervous 
system, dorsal 
cer1, chrd, dkk1, 
frzb2 
- 5.0293 
apoa1bp Uncharacterised 
conserved protein 
Bone tissue, brain, fat 
body, CNS, liver, lung 
- - 4.6899 
top1.2 DNA topoisomerase 
1 
Egg, endomesoderm, 
oocyte, ovary, oviduct 
eomes, fgfr2, 
foxf1, myod, 
wnt11, wnt8 
- 4.3422 
obscn  Ca2+/calmodulin-
dependent protein 
kinase, EF-Hand 
protein superfamily 
Anterior branchial crest, 
cranial neural crest, eye, 
head, posterior branchial 
crest 
baz2b, fgf4, gsc, 
pax6, tbx4/5, 
ventx2.2, wnt1 
- 4.3196 
hnf4a Steroid hormone 
receptor, 
transcription factor 
Alimentary system, early 
proximal tubule, intestine, 
liver, endoderm 
foxa2, chrd, 
bmp4, wnt11/8a, 
fgf2,4,5,8 
Noninsulin-
dependent 
diabetes 
mellitus 
4.1393 
chrnb2 Nicotinic 
acetylcholine 
receptor 
Brain, CNS, eye, testis fgf2, fgfr1/2, 
myod1,nkx6-1, 
gapdh 
Epiliepsy, 
nocturnal 
frontal lobe 3 
4.0789 
adam21 Disintegrin 
metalloprotease 
Ovary, testis adam11/28/25/9, 
egf, fgfr1, mtor 
- 3.996 
scamp5 Secretory carrier Central nervous system, 
egg, eye, mesonephric 
kidney, testis 
- - 3.9718 
usp22 Ubiquitin-specific 
protease 
Keller explant, brain, 
ectoderm, egg, 
endomesoderm, eye, 
head, oocyte, ovary 
- - 3.961 
arhgap29 Chimaerin and 
related Rho GTPase 
activating proteins 
Keller explant, ectoderm, 
egg, head, heart, intestine 
arhgap1, cdc42, 
ephb4, gja5, kdr 
- 3.9224 
phf3 Transcription 
elongation factor 
TFIIS/Cofactor of 
enhancer-binding 
protein Sp1 
Brain, ectoderm, egg, 
endomesoderm, head, 
lung, ovary, testis 
- - 3.8722 
ifngr2.1  Hematopoetin/inter
feron-class cytokine 
receptor 
Egg, mesonephric kidney, 
stomach 
- Immunodefici
ency 27A 
3.8580 
col4a2 Collagens (type IV 
and type XIII) 
Fat body, intestine, 
skeletal muscle, 
mesonephric kidney 
col4a1, 
foxc2,myod1 
Susceptibility 
to 
haemorrhage, 
intracerebral 
3.8548 
trmt2b tRNA uracil-5-
methyltransferase 
and related tRNA-
modifying enzymes 
Bone tissue, intestine - - 3.8326 
pm20d1 Aminoacylase ACY1 
and related 
metalloexopeptidas
es 
Bone tissue, brain, fat 
body, heart, lung, skin, 
stomach 
- - 3.7802 
tle1 Transcriptional Anterior neural fold, chrd, admp, - 3.7686 
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regulator brain, cranial neural crest, 
neural crest 
bmp4, eomes, 
fgf2/8, 
ventx1.1/2.2, 
wnt8a 
otop3 Uncharacterized 
conserved protein 
Anterior neural fold, 
anterior neural tube, 
brain, neural crest 
otop1, ctcf, hesx1, 
npat  
- 3.7527 
rasef GTP-binding protein CNS, egg, head, oocyte, 
testis 
cer1, chrd, foxa4, 
foxh1.2, gata4/6, 
nodal, gsc, 
smad1,2,3, vegt, 
ventx2.1/2.2, 
wnt11b 
- 3.7527 
uchl3 Ubiquitin C-terminal 
hydrolase UCHL1 
Keller explant, animal cap, 
bone tissue, brain, central 
nervous system, 
ectoderm 
- - 3.7493 
ubxn2a Protein tyrosine 
phosphatase 
SHP1/Cofactor for 
p97 ATPase-
mediated vesicle 
membrane fusion 
Keller explant, animal cap, 
brain, ectoderm, egg, 
endomesoderm, upper 
blastopore lip 
- - 3.6306 
mettl23 Putative N2, N2-
dimethylguanosine 
tRNmethyltransfera
se 
Brain, eye, intestine, 
skeletal muscle, testis 
- Mental 
retardation, 
autosomal 
recessive 
44: MRT44 
3.6218 
prkcq Serine/threonine 
kinase 
Spleen, whole organism - - 3.6215 
Uracil 
nucleotide/ 
cysteinyl 
leukotriene 
receptor-
like 
7 transmembrane 
receptor 
Whole organism  - - 3.6070 
foxj1 Forkhead domain 
transcription factor 
Brain, dorsal marginal 
zone, head, epidermis 
foxj1.2, nodal1, 
pitx2, actl6a, mcc 
Allergic 
rhinitis 
3.5037 
opa1 Dynamin-like GTP 
binding 
 oma1, uqcc3 Glaucoma, 
Normal 
tension, 
susceptibilit
y to 
3.1275 
lrrc48 
 
Protein 
phosphatase 1, 
regulatory subunit, 
and related proteins 
Oviduct, testis, whole 
organism 
- - 1.6719 
 
Table 6.2 Upregulated genes  
List of the genes in embryos derived from frozen spermatozoa, and treated with 3-AB, that were 
downregulated. They are in decreasing order of fold change in expression. 
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Figure 6.1 Gene expression profiles for X. tropicalis development  
(a) Early stages of development during the first 10 hours post-fertilisation. (b) The normal gene 
expression profiles of the twelve most downregulated genes in X. tropicalis embryos derived 
from frozen sperm and treated with DNA repair inhibitor. (c) The normal gene expression 
profiles of the twelve most upregulated genes in the same embryos. Expression profiles 
obtained from (Collart et al., 2014).  
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Figure 6.2 Chromosome mapping of differentially expressed genes. 
The transcriptome of embryos derived from cryopreserved sperm and treated with a DNA 
repair inhibitor was analysed. Genes which were differentially expressed, compared to embryos 
derived from fresh sperm, were mapped onto the chromosomes of the X. tropicalis genome and 
are marked by red dots. Marker genes identified as being no further than 1.5cM from the 
centromeres are shown as green triangles (Khokha et al., 2009). For Chr05, the proximal 
centromere marker, olig3, identified by Khokha et al (2009) was mapped only to a scaffold at 
the time this figure was compiled. Instead,  two genes were used as a positional reference (Uno 
et al., 2012). Yellow boxes, which are numbered, group genes that are in close proximity with 
each other. Transcript counts for each chromosome are shown below each chromosome.   
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Chromosome Cluster Gene Chromosomal landmark (×106 bp) 
1 
 
 
 
 
A oaz1 108.02 
dnajc25 101.71 
B ngdn 65.74 
ap1b1 61.68 
sds 60.38 
2 
 
 
C col4a2 112.54 
carkd 112.54 
uchl3 110.85 
3 
 
 
 
D prkcq 60.94 
scamp5 56.65 
snx1 56.37 
anxa2 55.27 
4 
 
 
E kars 67.26 
top1.2 65.65 
cmtm3 61.29 
8 
 
 
 
 
 
F ubqln4 110.60 
apoa1bp 110.55 
G hsp90ab1 76.24 
samd4a 71.99 
H sep-06 37.33 
hmgb3 35.69 
9 
 
I pdap1 50.54 
usp22 50.08 
10 
 
 
 
 
 
J psmd3 35.43 
kpnbl 34.03 
K adnp 10.86 
hnf4a 8.15 
zhx3 5.72 
otop3 2.64 
 
Table 6.3 Chromosome locations of DEGs which form clusters of closely positioned genes. 
Chromosomal landmarks were obtained from Xenbase. Xenbase also showed that col4a2 and 
carkd are adjacent to each other, and similarly, ubqln4 and apoa1bp are also adjacent to each 
other.  
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6.3 Discussion 
The simple fact that there are genes whose expression is altered consistently in three biological 
replicates as a result of fertilisation with cryopreserved sperm strongly suggests that there are 
regions of the genome that are more susceptible to damage by cryopreservation than others. 
This damage affects gene expression; these data are in broad agreement with the study in 
which gene expression changes were seen in trout derived from frozen sperm (Fernández-Díez 
et al., 2015). In the trout study however gene expression analysis was undertaken relatively late 
in development (one day post-hatching) and multiple gene expression changes in cellular 
pathways were detected, most likely as a result of downstream effects from the primary 
genome damage. Here we analysed gene expression much earlier, only two hours after zygotic 
gene activation (ZGA), and the failure of the affected genes to associate with cellular pathways, 
as analysed by DAVID, is consistent with this study detecting the primary result of damage to 
the genome. Among the DEGs described in trout embryos derived from cryopreserved sperm, a 
small handful of the same, or very similar genes, also appear in the data presented here. These 
include angpt1, implicated in embryo development, morphogenesis and pluripotency/cell 
differentiation; dnajb6, involved in regulation of apoptosis and psmd6, involved in cell cycle 
control (Fernández-Díez et al., 2015). As was found in the trout study, these genes were 
downregulated in X. tropicalis. Given the difference in stages of analysis it is not surprising that 
the overlap should be small. 
 
None of the genes originally identified as changing in the candidate testing (Chapter 5) were 
found among the 84 significantly altered genes in the transcriptomics analysis. This may simply 
reflect the possibility that there is an element of randomness in the regions of the sperm 
genome damaged by cryopreservation, although there do appear to be some loci damaged 
consistently. The differences between the two experiments are also likely to contribute to this 
observation; in the candidate analysis most of the expression measurement was by in situ 
hybridisation, which assays single embryos whereas the transcriptomics measures multiple 
pools of embryos. The fraction of in situ hybridised embryos showing altered expression in the 
experiments is a little over half and so the “noise” of unaltered embryos would reduce the 
changes detected when pools are assayed. It may also be due in some cases to difficulties in 
assigning reads to genes, for example we know that FGF8 is highly expressed at the stages 
assayed but it was undetected in the transcriptomics. 
 
Chapter 6                                                                                                                                 Transcriptome analysis  
 
127 
 
Despite the fact that there are clear gastrulation defects in the embryos derived from frozen 
sperm none of the genes known to be key players in gastrulation such as chordin, goosecoid , 
vent and wnt8 (as reviewed by Bouwmeester, 2001) appeared. There were, however, many of 
these genes among the interactants of the affected genes. For example, ubqln4, angpt4, fat1, 
eif4a3, adam21 and top1.2 interact with FGF receptor genes and transcription factors belonging 
to the SOX or FOX (Forkhead) gene families. Other examples would be tbx2, syngr1, top1.2, 
obscn, tle1 and rasef, all of which interact with gastrula makers such as chordin, wnt8, wnt11, 
ventx2.2 and goosecoid. It is possible that the gastrulation defects are downstream of the 
primary DNA damage.  
 
Relating the function of affected genes to a phenotypic change may also be possible for those 
associated with diseases; there were 16 of these among the 84 affected genes. For example, 
Treacher–Collins Syndrome, which is caused by mutations in tcof1, gives rise to cranio-facial 
abnormalities (Valdez et al., 2004; Wang et al., 2014) and it would be interesting to examine the 
embryos derived from frozen sperm for any such changes in the absence of gastrulation 
failures. 
 
The mechanism(s) responsible for the altered expression of the genes identified by this 
transcriptome analysis remain unknown; nonetheless it is possible to make some comments. It 
is difficult to see how the observed up-regulation of genes in embryos fertilised by 
cryopreserved sperm could arise simply from damage to the DNA of the structural gene, this 
might decrease the read numbers (by nonsense mediated decay) but not increase them; thus 
such damage cannot account for all the changes observed. Damage to the DNA of regulatory 
elements is a common theme of disease (Nichols et al., 2003; Zuccato et al., 2007) and 
evolution (Becker and Lenhard, 2007; Peng et al., 2006; Pevzner and Tesler, 2003) and such 
damage could account for both up and down regulation. In addition, the possibility that DNA 
damage may alter the chromatin state at the affected loci (Pevzner and Tesler, 2003) and thus 
change expression should be considered. 
 
The position of the affected genes within the X. tropicalis genome has some aspects that appear 
non-random; first there is the long region of chromosome 6 that is unaffected and second, 
there are a 11 sites where two or three affected genes (representing 26/84 genes) are in close 
proximity. Whether these are “hotspots of DNA damage” is perhaps a philosophical point, but 
their properties would merit further investigation. Normalization of genes for each 
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chromosomes suggests that there is indeed within our data evidence for the existence of both 
DNA damage hotspots and affected regions. Previous studies have shown that DNA damage in 
other systems occurs at telomeres (Fernández-Díez et al., 2015; Pérez-Cerezales et al., 2011) 
and our data here shows that there are gene hits which occur in regions approaching the ends 
of some chromosomes.   
 
To further investigate the presence of cryo-induced DNA damage it would be interesting to 
analyse sperm chromatin at the damaged regions identified in this present study to seek 
evidence of breaks in sperm DNA at potential hotspots. This may involve either sequencing for 
NHEJ damage or pulsed-field gel electrophoresis (PFGE) and Southern blot analysis. 
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CHAPTER 7: Discussion 
 
7.1 Review of overall aim 
The overall aim of this project was to determine whether the freeze-thaw process of sperm 
cryopreservation causes genetic instability in the form of structural changes to the DNA.  We 
also aimed to analyse the developmental consequences of fertilizing with DNA-fragmented 
spermatozoa through a combination of standard techniques to analyse sperm DNA 
fragmentation and by exploiting the experimental advantages and genetic resources of 
Xenopus. 
 
The increasing attention placed on cryo-induced sperm DNA damage is justified given that the 
paternal contribution to the genetic composition of the offspring is essential for their correct 
development. There is strong evidence in many species to show that cryopreservation induces 
DNA fragmentation in the spermatozoa. Furthermore, the detrimental consequences of 
fertilizing with spermatozoa with fragmented DNA have been shown (Fernández-Díez et al., 
2015; Kopeika et al., 2004; Pérez-Cerezales et al., 2011). Little however, is known of the genetic 
and molecular basis of such damage. To this end, the model organism Xenopus was used to 
study the effects of sperm freezing. The molecular processes which govern embryonic 
development in Xenopus are well characterized and there are genomic resources available to 
analyse high through-put data. Furthermore, there are several practical and experimental 
advantages to using Xenopus as a model of development. It can serve as a foundation for 
optimizing current sperm cryopreservation protocols for amphibians thus mitigating any 
detrimental genetic effects of sperm freezing for conservation purposes and providing a cost 
effective, ethically preferable alternative to maintaining genetically altered lines as live animals. 
   
7.2 Key findings 
 
7.2.1. Cryopreservation reduces sperm plasma membrane integrity in X. tropicalis and X. 
laevis.  
In X. tropicalis the plasma membrane was intact in 30 % fewer frozen samples than fresh 
samples with or without activation (P < 0.00001). This difference was observed at T0 which is 
the time at which spermatozoa would be used to fertilize eggs for either conservation or GA 
frog recovery purposes. In the case of X. laevis, a 60 % decrease in plasma membrane integrity 
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was observed in frozen spermatozoa compared to fresh spermatozoa. This clear difference 
between both species reflects the poor fertilization rates reported for X. laevis compared with 
X. tropicalis using cryopreserved spermatozoa (Pearl, Morrow, Noble, Horb and Guille, 
unpublished data). The plasma membrane regulates the intracellular calcium concentration, 
particularly by the ATP-dependent sodium/calcium pump and the voltage-dependent calcium 
channel (Gadella and Luna, 2014). Intracellular calcium ions play a crucial role in the control of 
sperm motility and acrosome motility (Lubart et al., 1997) and this may be why fertilization is 
affected. No significant effect of activation was observed on the integrity of the sperm plasma 
membranes. 
 
7.2.2 Cryopreservation increases the level of DNA fragmentation in X. tropicalis and X. laevis 
spermatozoa  
A detrimental impact of activation and cryopreservation on DNA quality dynamics was observed 
in both Xenopus species when it was measured over a 24-hour period. In X. laevis, this disparity 
was observed from the outset at T0 and continued to T4. At T24 the level of DNA fragmentation 
of fresh, activated spermatozoa was almost 20 % more than frozen, activated spermatozoa. This 
unexpected observation may be explained by the limited sensitivity of the assay used for 
detecting severely fragmented strands of DNA. This result could therefore reflect an 
underestimate of the actual level of DNA fragmentation at T24 since the frozen sample may be 
so degraded that it cannot be detected at all. For frozen X. tropicalis spermatozoa, which was 
activated, DNA fragmentation enhancement was not detected until after four hours of 
incubation at room temperature. This suggests that although the SCD test could not detect this 
at T0, dynamic assessment over time revealed reduced DNA stability when compared with the 
fresh sample. 
 
7.2.3. Zygotic inhibition of DNA repair reveals phenotypic consequences of fertilizing with 
cryopreserved spermatozoa in X. tropicalis 
One objective of this study was to test the effects of cryo-induced sperm damage on early 
development. We based our approach on previous studies carried out on loach (Kopeika et al., 
2004) and trout fish (Fernández-Díez et al., 2015) spermatozoa. We hypothesised that in 
embryos derived from frozen sperm and then subsequently treated with the DNA repair 
inhibitor 3-AB, the number of surviving embryos would be fewer compared to control embryos 
and that any detrimental paternal effects produced as a result of sperm cryopreservation would 
manifest themselves in the form of abnormal phenotypes. We selected X. tropicalis for this 
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study based on the observation that DNA damage and plasma membrane integrity (and 
therefore fertilizing capacity) are not necessarily mutually exclusive in this species. Furthermore, 
the genetic and bioinformatic resources available for this species are superior to those for X. 
laevis.   
 
We found that X. tropicalis embryos derived from frozen sperm showed a significant decrease in 
survival at the post-gastrula and post-hatching stage. Of these embryos, subsequent treatment 
with 3-AB reduced embryo survival further, but only at the post-hatching stage. In addition to 
this, there were significant increases in the proportion of embryos exhibiting posterior or 
gastrula defects. Some embryos survived at the post-gastrula and post-hatching stages but 
showed developmental defects when frozen spermatozoa and 3-AB were used. This may 
represent partial repair of cryo-induced DNA damage to a non-lethal level or variation in the 
extent or nature of the damage sustained in individual spermatozoa. Indeed it was shown in the 
SCD test that the extent of cryo-induced DNA fragmentation varied significantly, as reflected in 
the different sperm halo morphotypes described in Chapter 3. These results provided further 
evidence for the production of cryo-induced sperm DNA damage, but importantly, they led us 
to hypothesise the existence of possible sperm DNA damage hotspots affecting specific aspects 
of development.  
 
The negative effects of fertilizing with DNA-damaged spermatozoa were not revealed until the 
post-gastrula stages, where there was reduced embryo survival and a higher occurrence of 
defective embryos. This is in agreement with fact that maternal factors mostly control 
development until the MBT which is followed by the commencement of zygotic gene activation 
(Lee et al., 2014). This marks the beginning of paternal genome contribution to embryo 
development and is when defects become detectable in X. tropicalis embryos in this study. In X. 
tropicalis zygotic repair of DNA is therefore essential for the correct development of embryos 
derived from cryopreserved spermatozoa. 
 
7.2.4. A candidate gene approach to identifying potential DNA hotspots 
Based on the observed phenotypes in the previous chapter, we identified fgf8 as a likely 
candidate as a “DNA damage hotspot” which is particularly susceptible to cryo-induced damage. 
We tested this hypothesis using a combination of wholemount in situ hybridization and RT-PCR 
to analyse fgf8 expression in the whole embryo and the expression of a gene downstream of 
fgf8, Xbra. Western blot analysis of the FGF8 pathway also revealed the possibility that 
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expression of ERK protein is affected by sperm freezing. We attempted to rescue Xbra 
expression in embryos from frozen spermatozoa by injecting mRNA encoding the FGF8 protein 
to compensate for any damage which may have occurred at the fgf8 locus, or in genomic 
elements involved in the regulation of fgf8, as a result of the freeze thaw process. We found an 
increase in normal Xbra expression from the rescue injections. This is an initial finding and 
would require several replicates and further analysis using more quantitative techniques to 
confirm it. During early development FGF8 plays a crucial role in induction of mesoderm, 
regulation of cell movement, and control of anterior–posterior (A-P) patterning (Slack et al., 
1996). Although fgf8 was identified as a candidate for DNA damage, it is likely that damage to 
other genes also contributed to the reduced survival rate and increased occurrence of 
deformed embryos seen in these experiments. We therefore carried out transcriptome analysis 
and utilized the genomic and bioinformatic resources available for X. tropicalis to investigate 
this further.   
 
7.2.5 Transcriptome analysis of X. tropicalis embryos derived from cryopreserved 
spermatozoa. 
The transcriptome was analysed and compared between embryos derived from fresh or frozen 
spermatozoa and treated with 3-AB. The most similar study that exists was carried out in trout 
and the transcriptome was analysed later in development, well after organogenesis (Fernández-
Díez et al., 2015). The decision to analyse the Xenopus transcriptome at the start of gastrulation 
aimed to reveal genes whose expression was directly affected by cryopreservation. DAVID 
analysis of the 84 affected genes found no common pathways among them, strongly supporting 
the fact that these were the primary effects of cryopreservation. Validation of the 
transcriptome data was from showing that the affected genes were those that normally alter 
their expression during early development. 
 
This observation also showed that among the DEGs identified in the transcriptome data were 
genes required for proper development at the mid blastula stage and gastrulation. This result 
offers an explanation for the gastrula defects observed in chapters 4 and 5, and may also 
explain the poor percentage of surviving post-gastrula and post-hatching stage embryos that 
were treated with 3-AB and were derived from cryopreserved spermatozoa. Mapping of the 
DEGs, of embryos treated with 3-AB compared to control embryos, onto the genome revealed 
that some chromosomes carried far fewer DEGs than others. Furthermore, there were 
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particular regions which showed positional clustering of the affected genes, even after 
normalization of transcript density and transcript length.  
 
7.3 Conclusions 
Considerable knowledge has been obtained in our investigation into the effects of sperm 
cryopreservation in Xenopus. Firstly, we showed direct and indirect evidence for cryo-induced 
DNA damage. Direct evidence came from the DNA fragmentation dynamics which revealed 
cryo-induced genetic instability in X. laevis and X. tropicalis. The results also showed that the 
dynamics of DNA fragmentation were different for each species. It is possible that this is due to 
differences in chromatin condensation owing to X. laevis possessing twice as many copies of 
genes compared to X. tropicalis. Indeed, it has been proposed that intranuclear density affects 
the length of compacted chromosomes (Hara et al., 2013). This correlation is supported by our 
data since chromosomes from X. tropicalis sperm nuclei were shown to be longer than those 
from X. laevis when incubated in the same extracts (Kieserman and Heald, 2011). Furthermore, 
Hara et al (2013) proposed that since a strong and recurring correlation between packing ratio 
and intranuclear DNA density in multiple organisms exists, the ratio between genome size and 
nuclear size might be a universal parameter of chromosome condensation. Although the precise 
mechanism of cryo-induced DNA fragmentation cannot be deduced from this study, the 
observation that in X. tropicalis spermatozoa DNA fragmentation can occur without loss of 
plasma membrane integrity suggests that an intracellular mechanism exists for cryoinduced 
DNA fragmentation. This is in agreement with other studies which show retained fertilizing 
capacity of spermatozoa despite the presence of DNA-strand breaks (Ahmadi and Ng, 1999; 
Fatehi et al., 2006; Pérez-Cerezales et al., 2010). 
 
We exploited the potential fertilizing capacity of X. tropicalis spermatozoa despite the presence 
of DNA fragmentation following the cryopreservation process to understand the effect of such 
damage.  The detection of cryo-induced DNA fragmentation in spermatozoa represents only the 
initial effect of DNA damage. If left unrepaired, subsequent cell divisions of the zygote may 
propagate this damage through the accumulation of aberrant DNA structures such as base pair 
mismatches, cross-links, base adducts and abasic sites. This would then affect the control and 
structural integrity of zygotic genes at the MBT and early gastrulation. This was hypothesised to 
be the most likely stage at which we would detect any developmental defects that occur as a 
direct, not downstream, consequence of DNA damage. When zygotic inhibition of DNA repair in 
X. tropicalis embryos was combined with fertilisation using frozen spermatozoa, a significant 
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occurrence of development defects, mostly emanating from improper gastrulation, was found. 
This was unlike any previous study, although Kopeika (2004) found that in loach fish embryos, 
which were derived from cryopreserved spermatozoa and incubated in 3-AB, there was an 
increased incidence of embryos with a double axis. This defect was likely derived from 
overexpression of the gastrula genes noggin, chordin and/or goosecoid or decreased wnt/BMP 
signalling. Although the in situ hybridization analysis in this present study did not definitively 
reveal altered expression of these genes in X. tropicalis compared to controls, it is possible that 
the expression of these genes may have been altered slightly. Further experiments could 
determine this. Nonetheless, we found evidence for FGF8 downregulation in embryos derived 
from cryopreserved spermatozoa which were treated with 3-AB. One conclusion could be that 
fgf8 was directly damaged in those embryos that were analysed, but this event only occurred in 
22 out of 31 embryos analysed by in situ hybridization. Another conclusion could be that there 
is no direct DNA fragmentation event at the fgf8 locus, rather the expression of FGF8 was 
disrupted as a consequence of other genes being damaged. In fact, it has been shown that the 
expression of the adjacent genes FGF8 and NPM3 can be altered by the presence of breakpoints 
in the downstream gene MGEA5, in human myxoinflammatory fibroblastic sarcomas (MIFS) 
(Hallor et al., 2009). These genes are syntenic in the X. tropicalis genome. Although such 
breakpoints resulted in up-regulation of FGF8 and NPM3, it illustrates the possible effects of 
breakpoints in proximal genes.    
 
We also found reduced survival of embryos derived from cryopreserved spermatozoa at the 
post-gastrula stage. In the case of embryos treated with 3-AB that were derived from 
cryopreserved spermatozoa, embryo survival was reduced at the post-hatching stage. This 
result is likely to be a downstream effect of improper gastrulation. At the neurula stage, 
immunohistochemistry revealed fewer nuclei of primary neurons in treated compared to 
control embryos. This would have reduced the embryos’ ability break through the vitelline 
membrane, and therefore survive beyond this stage of development. Unlike the loach fish study 
which analysed survival before and after gastrulation, we were able to focus more on the 
specific stages of Xenopus development. This was particularly important because it wasn’t until 
the post-hatching stage (stage 26, approximately 20 hours after gastrulation) that we detected 
reduced survival in embryos treated with 3-AB that were derived from cryopreserved sperm. 
Similar studies in trout embryos also revealed decreased hatching rates in embryos derived 
from cryopreserved spermatozoa which were treated with 3-AB (Pérez-Cerezales et al., 2010).  
 
Chapter 7                                                                                                                                                        Discussion  
 
135 
 
Transcriptome analysis revealed that although fgf8 was not detected as a DEG (due to 
insufficient reads), there is a subset of genes whose expression is consistently altered by 
cryopreservation that are developmentally significant at the MBT and gastrula stage of X. 
tropicalis embryos. It is possible that the boat shaped phenotype observed in chapter 4 is the 
combinatory effect of these differentially regulated genes, and/or subsequent disruption of 
expression of downstream genes. It is also possible to conclude that these are DNA damage 
sites which must be detected by the zygotic DNA repair systems if the embryo is to develop 
normally and survive through gastrulation and hatching stages. Mapping of these DNA damage 
‘hotspots’ suggests a possible structural contribution to the susceptibility of cryo-induced DNA 
damage. To our knowledge this is the first description/mapping of possible cryo-induced DNA 
damage hotspots to chromosome locations. 
  
There were however, limitations to this study. One example would be that although eggs for 
each biological replicate of the 3-AB experiment came from a single female, the fresh and 
frozen spermatozoa came from different males. This was due to the fact that fresh X. tropicalis 
testes do not store at 4°C for any length of time that would allow for another portion of testes 
from the same male to be cryopreserved and then used to fertilize eggs from a single female 
frog. Another limitation of this study is that the SCD test only detects DNA fragmentation, not 
other forms of DNA damage which may occur as a result of cryopreservation. Furthermore, it is 
a qualitative technique that did not quantify the number of DNA breaks, nor did it differentiate 
between single and double strand breaks. This study would have benefited from more biological 
replicates of the 3-AB study to allow for quantitative data collection of affected markers at the 
gastrula stage. 
 
Positional information relating to the most susceptible genes has been investigated in human 
spermatozoa. A candidate gene approach was used in a study to quantify the number of lesions 
produced by freezing/thawing over key developmental genes and genomic regions related to 
Prader-Willi and Angelman syndromes, SNORD and UBE3A, respectively. It was found that these 
genes were differentially affected by the cryopreservation process and SNORD and UBE3A were 
among the regions containing the most damage. Both of these genomic regions are adjacent to 
each other on chromosome 15 and in close proximity to the centromere (Valcarce et al., 2013). 
Furthermore, a previous study by Li et al. (2008), showed that histone-compacted chromatin, 
which has a lower degree of compaction compared to protamine-associated regions, are 
localised in the post-acrosomal region, extending to the sperm nuclear annulus, which coincides 
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with the localisation of chromosome 15 (Manvelyan et al., 2008), where lesions in SNORD and 
UBE3A were detected (Valcarce et al., 2013). It would be interesting to investigate the possible 
existence of such positional contribution to gene susceptibility in the sperm nucleus of Xenopus.  
 
Our study is the first to systematically investigate the presence and effects of cryo-induced DNA 
damage in Xenopus. This is significant because it may contribute to the improvement of 
cryopreservation protocols. Understanding how sperm DNA damage can affect development 
represents a major step forward to improving practical applications of genetic resource banking 
and mitigating the detrimental effects of sperm cryopreservation in (1) ex situ conservation 
efforts of endangered species, and also in (2) Xenopus resource centres looking for cheaper, 
more ethical alternatives to storing genetically altered lines. An improved understanding of the 
detrimental effects of Xenopus sperm cryopreservation provided in this study also has potential 
implications for understanding chromatin organisation in spermatozoa and how it relates to 
zygotic chromatin organisation. 
 
7.4 Future work 
Following the findings of this present study, many experiments could now be carried out to 
extend it, for example: 
- Investigating the long term effects of sperm cryopreservation in Xenopus by assessing 
development and survival beyond metamorphosis and assessing quality of the offspring 
e.g. fertility, weight, survival of next generation offspring etc. 
 
- Real time quantitative-PCR on embryos from 3-AB treatment to further validate the 
transcriptome data and calculate lesion rates. 
 
- Test whether there is localisation of the effected genes in the nucleus to specific 
nuclear regions, e.g. matrix attachment regions. 
 
- Investigate the presence of known fragile sites near the affected genes revealed by 
transcriptomic analysis,, such as sequences with particular repeats, using in silico data 
from other studies. 
 
- Investigate changes in the epigenome of the spermatozoa following cryopreservation 
and in embryos treated with 3-AB. Is the chromatin different in genes that show 
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differential expression in embryos derived from cryopreserved spermatozoa where DNA 
repair has been inhibited? 
 
- Map physical damage as evidence of repair; compare sites of DNA fragmentation in the 
spermatozoa to sites of DNA damage in the zygote. 
 
- Determine the different kinds of cryo-induced DNA damage and how they can cause 
different kinds of developmental failures. 
 
Together, such studies would greatly improve our understanding of the risks of sperm 
cryopreservation and how they might be mitigated. 
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Appendix 
 
Primers for RT-PCR 
 
Fgf8-Fw: acctccatcctgggctatc 
Fgf8-Rv: cacgattaacttggcatgtg 
 
Tbx6-Fw: acaagtaccagcctcgcttc 
Tbx6-Rv: agaagggttaggggtttgcg 
 
ODC-Fw: cagctagctgtggtgttg 
ODC-Rv: caacatggaaacttacacc 
 
